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This project focused on the study of structures and the magnetic properties of metal 
nanowires, alloy nanowires and continuous films. The project goal was to increase our 
understanding of the growth mechanism of single-crystal and poly-crystal nanowires, 
and the coercivity mechanism of nanowires and continuous films. The investigations 
and results are summarized below: 
 
First, anodic aluminum oxide (AAO) template was produced and the etching effect on 
AAO template has been investigated. A proper etching condition can induce the 
formation of alumina nanowires. 
 
Secondly, AAO template was used to produce highly-ordered metallic (Ni, Co, Fe, and 
Cu) nanowires. Single-crystal Ni, Co, Fe, and Cu nanowires were obtained by template 
synthesis under the optimized conditions. TEM and selected area electron diffraction 
(SAED) confirmed the single- or poly- crystal nanowires. The formation of single 
crystalline structure is due to the stress between AAO pore wall and nanowires formed 
during nanowires growth.The single-crystalline Ni, Co, and Fe nanowires showed 
good magnetic properties in term of coercivity and squareness. Single crystalline wires 
show higher coercivity and remanence compared with that of polycrystalline wires.  
 
Thirdly, alloy (NiCo, NiCu, CoCu, and FePt) nanowires were studied. In certain 
conditions, NiCo nanowires can show two unique nanostructures. They were bamboo-
like and layer-like structures. The bamboo-like and layer-like structures were found at 
atomic percentage of Co 15% and 25%, respectively. The difference of the deposition 
rate of Ni and Co is attributed to the formation of unique structures. In contrast, NiCu 
and CoCu nanowires were also fabricated. Only polycrystalline structure can be 
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achieved for different deposition conditions. In addition, only low coercivity was 
observed (2 kOe) for FePt wires. This may be because that the (001) texture does not 
form. Therefore, to improve the magnetic properties of FePt, the magnetic continuous 
films were studied. 
 
Fourthly, Thick 50:50-FePt films (800 nm) were fabricated on Si substrate with 
different metallic (Au, Ag, and Cu) underlayers, followed by post annealing. The hard-
magnetic fct phase could be formed after annealing at 400°C when the FePt films were 
deposited on Au and Cu underlayers. High coercivities were found for the films 
deposited on Au and Ag underlayers. For the film deposited on Ag underlayer, a high 
coercivity of 18 kOe with an out-of-plane anisotropy was achieved, which is promising 
for magnetic applications, including magnetic recording and MEMS. The out-of-plane 
anisotropy is due to the formation of (001) phase. The mechanism producing high 
coercivity may be related to the diffusion of Ag atoms into the grain boundaries of the 
FePt films and Ag atoms would reduce the exchange coupling of FePt grains thus 
helping to enhance coercivity. However, low coercivity was observed in FePt films on 
Cu underlayers, which may be due to the abnormal growth of grain size of FePt.  
 
Finally, the effects of adding Ag into the FePt films were studied. After a long time 
annealing at 400 oC, L10-fct phase was formed and high coercivity (9.8 kOe) and out-
of-plane anisotropy were achieved. The formation of column structure is attributed to 
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1.1 Magnetic Materials   
Magnetic materials encompass a wide variety of materials, which are used in a 
diverse range of applications. Magnetic materials are utilized in the creation and 
distribution of electricity and in the appliances that use that electricity. They are used 
for the storage of data on audio and video tape as well as on computer disks. In the 
world of medicine, they are used in body scanners as well as a range of applications 
where they are attached to or implanted into the body. The home entertainment market 
relies on magnetic materials in applications such as PCs, CD players, televisions, 
games consoles, and loud speakers.  
The magnetic materials are becoming more important in the development of 
modern society. The need for efficient generation and use of electricity is dependent on 
improved magnetic materials and designs. Non-polluting electric vehicles will rely on 
efficient motors utilizing advanced magnetic materials. The telecommunications 
industry is always striving for faster data transmission and miniaturization of devices, 
both of which require development of improved magnetic materials. 
Magnetic materials may be classified according to some of their basic 
properties: remanent magnetization (remanence, Mr), coercive force (coercivity, Hc), 
and Curie temperature (Tc). Based on the value of these features, materials can be 
divided into soft or hard magnetic materials. For soft magnetic materials, the value of 
coercivity is very low (in the ideal material coercivity is equal zero) as seen in Fig. 
1.1(a). That means material previously strongly magnetized by extrinsic magnetic field 
undergoes demagnetization when the magnetic field is removed. Therefore, soft 
magnetic materials are used for electro-magnets. While in hard magnetic materials, 
after removing of magnetic field, the materials stay strongly magnetized and become 
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permanent magnets as shown in Fig. 1.1(b). The product of coercivity (Hc) and 
remanence (Mr) is called maximum energy product (BHmax). The higher value of 
maximum energy product the stronger field can make the permanent magnet [1]. Thus, 
hard materials are used for permanent magnets.  
 




Figure 1.1: Hysteresis loop of: (a) soft and (b) hard magnetic materials. 
 
In this thesis, focus is on hard magnetic materials or permanent magnetic 
materials. This is because hard magnetic materials have a number of advantages 
compared to soft magnetic materials. Hard magnetic materials showed excellent 
magnetic properties such as high coercivity (Hc), high remanence (Mr), and maximum 
energy product (BH)max. All these properties are very important for micro-
electromechanical systems (MEMS) applications. 
In addition, the properties of hard magnetic materials are important. The 
interactions on the atomic scale determine the intrinsic magnetic properties of a 
material, such as the saturation magnetization (Ms), the Curie temperature (Tc), and the 
magnetocrystalline anisotropy constant (K1). The extrinsic magnetic properties of hard 
magnetic materials, remanence (Mr), and coercivity (Hc), are related to magnetic 
hysteresis and are determined to a great extent by the microstructure. Another 
(a) (b) 
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characteristic of hard magnetic is the energy product (BH)max, which is twice the 
maximum magnetostatic energy available from a magnet of optimal shape. The energy 
product increases both with increasing coercivity and remanence. However, for 
materials with sufficiently high coercivity, the energy product can never exceed the 
value 20 / 4rMµ . 
The remanent magnetization of real magnets is usually below its saturation 
value. In particular, the remanence-to-saturation ratio Mr/Ms is limited to 0.5 for 
magnets composed of non-interacting uniaxial randomly oriented particles. The 
processing route for obtaining an anisotropic magnet is in general more sophisticated 
than that for a non-textured magnet. Remanence may be increased in non-textured 
magnets by exchange-coupling [2-4]. In general, remanence enhancement in this type 
of magnets is attributed to intergrain coupling via exchange interaction. This coupling 
causes the magnetization of neighboring grains to deviate from their particular easy 
axis resulting in a magnetization increase parallel to the direction of the applied field. 
The exchange-coupling concept has its origin in the random-anisotropy theory [5, 6]. 
In addition, many hard magnetic materials are manufactured so that magnetic 
properties are enhanced along a preferred axis. This is realized if the crystal structure 
of the material itself has preferred directions for alignment of the magnetic moments, 
and is referred to as magnetocrystalline anisotropy. Other permanent magnetic 
materials are manufactured using processes that establish a net alignment of needle-
shaped particles or platelets. These magnets base their properties on the shape 
anisotropy of the particles, where the shape of the particles produces an internal field 
which may differ from the applied field, leading to enhanced coercivity along the 
particle major axis. 
 
Chapter 1                       
 5 
1.2 Different Types of Hard Magnetic Materials 
The materials with a relatively large coercivity (normally larger than 0.5 kOe) 
are hard magnetic materials. The magnetic properties of materials involve intrinsic 
properties (e.g. saturation magnetization (Ms) and Curie temperature (Tc)) which 
depend on the composition. Structure sensitive properties such as coercivity (Hc), 
remanence (Mr), and permeability (µ), are affected by crystal structure, grain size, 
preferred orientation, stress, and defects. The four important magnetic properties of 
hard magnetic materials are remanence, coercivity, Curie temperature, and magnetic 
energy product (BH)max. The various types of permanent magnetic alloys will be 
described. 
 
1.2.1 AlNiCo Alloys  
In the early 1930s the group of alloys called the Alnico alloys was discovered. 
These alloys are based on the three ferromagnetic metals Fe, Co, and Ni and various 
types of additives such as Al, Cu, and other elements. Alnico has high remanent 
magnetization and good thermal stability but comparatively low coercivities. Curie 
temperature is about 900 oC and the maximum recommended operating temperature is 
500 oC. Alnico magnets are very resistant to corrosion, nearly as resistant as stainless 
steel. Only slight discoloration of the surface is supported when a magnet is heated in 
air to 450 oC. The physical properties of Alnico alloys are rather poor. High coercivity 
is closely accompanied by extreme hardness and brittleness [7, 8]. Forming is by 
casting or sintering as close as possible to the desired size and shape. For close 
tolerance, it is necessary to cut or wet-grind the magnet. Magnetic properties of several 
grades of Alnico are summarized in Table 1.1.    
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Table 1.1 Magnetic properties of Alnico alloys [9]. 
Materials Mr (Tesla) Hc (kOe) (BH)max 
[MGOe (kJ/m3)] 
Alnico 5 1.27 0.645 5.5 (44.0) 
Alnico 5-7 1.34 0.745 7.5 (60.0) 
Alnico 5DG 1.33 0.690 6.5 (52.0) 
Alnico 8B 0.9 1.640 6.75 (54.0) 
Alnico 9 1.05 1.515 10.5 (84.0) 
   
Here, Mr is remanence,   Hc is coercivity,     (BH)max is maximum energy product 
 
 
1.2.2 Hard Ferrites 
The next advance in the development of permanent magnets came in the 1950 
with the introduction of hard hexagonal ferrites, often referred to as ceramic magnets. 
Hard ferrites still play a dominant role in the permanent magnets market, owing to the 
low price per unit of available magnetic force, the wide availability of raw materials 
and high chemical stability. Magnetic properties of ferrites arise from anisotropic 
properties of iron oxides and barium, strontium or lead oxides (MeO·Fe12O19 where 
Me = Ba, Sr, Pb). Ferrite magnets are available in isotropic and anisotropic grades. 
Magnetic properties of various grades of ferrites are shown in Table 1.2. 
In addition, ferrites can be made by powder metallurgy method. They are 
produced as sintered magnets or composite materials bonded with polymer matrix. The 
remanence of ferrites is low (~ 400 mT). Due to the high coercivity (~ 250 kA/m), the 
hard ferrites are resistant to a demagnetizing field, high electrical resistivity allow 
working in variable fields. These materials have also good corrosion resistance and 
high chemical stability. The most prominent disadvantage of magnets made of hard 
ferrites is their low maximum energy product, high shrinkage after sintering process 
(15 – 25%) and sensivity of remanence and coercivity to temperature changes [10].  
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Table 1.2 Magnetic properties of ferrites [9]. 
Materials Mr (Tesla) Hc (kOe) (BH)max 
[MGOe (kJ/m3)] 
       Ferrite 5 0.395 2.230 3.6 (29.0) 
Ferrite 7B 0.380 3.800 3.3 (26.0) 
Ferrite 8A 0.390 3.000 3.5 (28.0) 
Ferrite 8D 0.400 3.000 3.8 (30.0) 
Ferrite 8C 0.430 2.200 4.3 (34.0) 
 
Here,  Mr is remanence,  Hc is coercivity,    (BH)max is maximum energy product. 
 
 
1.2.3 Sm-Co and Rare-Earth Alloys 
SmCo Type 
In 1966 the magnetic properties of the YCo5 phase were discovered. This was 
the first phase based on a rare-earth (RE) and a transition metal (TM) to be found to 
have permanent magnetic properties. The combination of properties of the rare earth 
sublattice and the 3d transition metal sublattice lead to the spectacular development in 
hard magnetic materials. Higher magnetic anisotropy, Curie temperature, coercivity, 
and magnetization were obtained. The two most relevant classes of RE-TM magnets 
are based on samarium and cobalt magnets, which exhibit very high coercivity and low 
temperature coefficients; and neodymium iron boron magnets, which are unrivaled in 
terms of their maximum energy product. The intermetallic phases of the rare earth 
metals (RE) and transition metals (TM) RE-TM type are very interesting materials for 
the permanent magnets. The samarium cobalt magnets based on the SmCo5 and 
Sm2Co17 intermetallic phases are the materials meeting the requirements of many 
modern applications. These materials are characteristic for their significant 
magnetocrystalline anisotropy and saturation induction; therefore, they are very useful 
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for fabrication of magnets with very high magnetic energy density. The magnetic 
properties of Sm-Co magnets are shown in Table 1.3. 
 
Table 1.3 Magnetic properties of Sm-Co magnets [9]. 
Materials Mr (Tesla) Hc (kOe) (BH)max 
[MGOe] 
SmCo5 0.90 0.29 20.2  
Sm2Co17 1.10 0.33 37.5  
 
Where,      Br is remanence,   Hc is coercivity,     (BH)max is maximum energy product 
 
 
Magnets based on SmCo5 phase can be obtained by powder metallurgy method, 
sintered or bonded with polymers. The main advantage of Sm-Co magnets is their high 
Curie temperature (1000 K) making them suitable for use in application in elevated 
temperatures. These magnets show also high coercivity and they can work in 
demagnetizing fields but they are very brittle and expensive because of the high 
concentration of costly samarium [10]. 
 
NdFeB Type 
The magnetic hard material based on the Nd2Fe14B intermetallic phase was 
developed in 1984 by Sumitomo Special Materials in Japan with the powder 
metallurgy technology and by General Motors in USA with the melt quenching 
method used for making metallic glasses. The magnetic properties of this phase result 
from the ferromagnetic coupling of magnetic moments of sublattices of the rare earth 
metals group and iron [8]. The neodymium magnets may be made by sintering, 
bonding with polymer materials. They have various properties and prices depending on 
technology [11, 12]. The magnetic properties of Nd-Fe-B are showed in Table 1.4. 
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Table 1.4 Magnetic properties of NdFeB [13]  




11.6 850 225 
Nd-Fe-B 
bond 
7 550 85 
Nd-Fe-B 
pressed 
8-12 800 110 
 
Here,  Mr is remanence,      Hc is coercivity,     (BH)max is maximum energy product 
 
1.2.4 L10-Type FePt and CoPt Magnets 
In recent years, promising hard magnetic film materials include FePt and CoPt 
due to their high magnetocrystalline anisotropy and magnetic saturation [14] from 
magnetic materials for MEMS. CoPt and FePt have two phases: face-center-cubic (fcc) 
phase and face-centred tetragonal (fct) phase (simply called L10 phase). Between these 
two phases, fcc is the soft phase and fct is the hard phase. The soft phase cannot be 
used in applications. The industrial applications prefer the hard phase (L10 phase). This 
is because the hard phase provides good magnetic properties such as high coercivity, 
high remanence, and maximum energy product (BH)max as seen in Table 1.5. Therefore, 
FePt and CoPt are different from other materials because they have L10 ordered phase 
materials. Specially, Co50Pt50 and Fe50Pt50 alloys show extremely high coercivities 
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Table 1.5 Magnetic properties of L10 alloys [16]. 
 






FePt L10 116 1140 514 
CoPt L10 123 800 220 
 
Here, Hk is the anisotropy field,  Ms is the saturation magnetization of the material,  
 (BH)max is the maximum energy product. 
 
 
1.3 Applications of Hard Magnetic Materials 
Recent years have seen a strongly increasing industrial demand for hard 
magnetic materials or permanent magnetic materials. An important use for hard 
magnetic films is in micro-electromechanical systems (MEMS). These devices are 
prepared from relatively thick films (1-5 µm). The high energy product of rare earth 
magnets is promising for the development of micro-devices. However, only a few 
systems have been realized, for example a sub-millimeter electric motor [17] and a 
revolution counter [18]. The challenge facing rare earth magnets in this field is their 
high corrosion rate when large surfaces are exposed after structuring. Another potential 
application is in monolithic microwave integrated circuits (MMICs) [19] using thin 
hard magnetic layers to create bias fields for ferrite devices.  
In addition, hard magnetic materials have been used for many actuator and 
sensor applications to provide a constant magnetic field without the consumption of 
electrical energy and without the generation of heat. Furthermore, permanent magnets 
can achieve relatively high energy density in microstructures, compared to other 
energy storage devices in the micro scale. In addition, hard magnetic materials are used 
to provide a bias field in the sensor assembly. This bias field interacts with the object 
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being sensed and a sensor element detects the changes in the bias field caused by this 
interaction.  
 
1.4 Electrodeposition Technique 
Electrodeposition is one of the most widely used methods to fill continuous 
nanowires with large aspect ratios and also continuous films. One of the great 
advantages of the electrodeposition method is the ability to create conductive 
nanowires and continuous films. This is because electrodeposition relies on electron 
transfer, which is the fastest along the highest conductive path. Moreover, other 
advantages of electro-deposition over physical deposition methods are no need of 
vacuum equipment, easier handling, higher deposition rates and easier to prepare thick 
and continuous films. 
In addition, electrodeposition is used to deposit metals, alloys and metal-matrix 
composite materials, governed by electrochemical reaction. Electrochemically 
prepared nanomaterials, characterized by at least one dimension in the nanometer 
range, include nanostructured thin-film multilayers and nanowires. Since 
electrodeposition uses to fabricate metals and alloys, it is better to know the current 
distribution on the electrode to design a best device, which is able to generate items 
required. The metal deposition operations depend on a great number of chemical and 
operational parameters such as local current density, electrolyte concentrations, 
complexing agents, buffer capacity, pH, leveling agents, brighteners, surfactants, 
contaminants, temperature, agitation, substrate properties, cleaning procedure. All 
these parameters act on the structure of the deposit and also on its composition, in 
terms of alloy and its properties. Accordingly, the determination of these parameters is 
very important. These parameters are often determined empirically. 
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In this thesis, electrodeposition technique has used to fabricate nanowires by 
using AAO template and continuous films (thick films). In the next, magnetic 
nanowires and magnetic continuous films will be introduced.  
 
1.5 Magnetic Nanowire Arrays 
 Nanometer-sized materials are of great interest because they exhibit valuable 
and unique physical and chemical properties which differ significantly from bulk 
materials [20-22]. Furthermore, there is an increasing demand for new types of 
materials with different structures and improved physical properties to be used in 
miniaturized devices. Recently, the production of nanowires with diameter in the 
nanometer scale has attracted much attention because of their magnetic properties and 
potential technological applications such as nanoelectronic devices, optical 
components, interconnects for nanoelectronics, chemical sensors, high density data 
storage or field, and light emitters.   
 
 1.5.1 Applications of Magnetic Nanowire Arrays  
So far many possible applications of magnetic nanowires in the industry have 
been proposed, but the industrial use of nanowires is far from reality. Magnetic 
nanowires (Ni, Co, and Fe) with relative large aspect ratios (e.g., >50) exhibit an easy 
axis along the wires. An important parameter that describes magnetic properties of 
materials is the magnetization squareness (Mr/Ms), which measures the remanence 
magnetization after switching off the external magnetic field. The remanence ratios of 
the Ni, Co, and Fe nanowires can be larger than 0.9 along the wires and much smaller 
in the perpendicular direction of the wires. This finding clearly shows that the shape 
anisotropy plays an important role in the magnetism of the nanowires. Another 
important parameter that describes the magnetic properties is coercivity, which is the 
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coercive field required to demagnetize the magnet after full magnetization. The 
magnetic nanowires exhibit greatly enhanced magnetic coercivity [23-24]. In addition, 
the coercivity depends on the wire diameter and the aspect ratio, which shows that it is 
possible to control the magnetic properties of the nanowires by controlling the 
fabrication parameters. The diameter dependence of the coercivity reflects a change of 
the magnetization reversal mechanism from localized quasi-coherent nucleation for 
small diameters to a localized curling like nucleation as the diameter exceeds a critical 
value [25]. 
The most attractive potential applications of nanowires lie in the magnetic 
information storage medium. Studies have shown that periodic arrays of magnetic 
nanowire arrays possess the capability of storing 1012 bits of information per square 
inch of area. The small diameter, single domain nanowires of Ni, Co fabricated into the 
pores of porous anodic alumina [25-26] has been found to be most suitable for storage 
media. The high aspect ratio of the nanowires results in enhanced coercivity and 
suppresses the onset of the “superparamagnetic limit”, which is considered to be very 
important for preventing the loss of magnetically recorded information between the 
nanowires. Suitable separation between the nanowires is maintained to avoid inter-wire 
interaction and magnetic dipolar coupling. It has been found that nanowires can be 
used to fabricate stable magnetic media with packing densities > 1011 wires/cm2 [25]. 
 The development of nanowire based chemical sensors has been reported based 
on molecular adsorption onto stable metallic nanowires [27-28]. Upon the adsorption 
of particular molecules, the quantized conductance decreases, this may be attributed to 
the scattering of conduction electrons by the adsorbates. Further conductance change 
occurs when the nanowire is exposed to another molecule that has stronger adsorption 
strength. Because the quantized conductance is determined by a few atoms at the 
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narrowest portion of each nanowire, adsorption of a molecule onto the narrow portion 
is enough to change the conductance, which may be used for chemical sensors. 
So far, Pd nanowire based hydrogen gas sensors [29] have been reported. These 
palladium mesowire arrays were prepared by electrodeposition onto graphite surfaces 
and were transferred onto a cyanoacrylate film. Exposure to hydrogen gas caused a 
rapid (less than 75 milliseconds) reversible decrease in the resistance of the array that 
correlated with the hydrogen concentration over a range from 2 to 10%. The sensor 
response appears to involve the closing of nanoscopic gaps or “break junctions” in 
wires caused by the dilation of palladium grains undergoing hydrogen absorption. 
Wire arrays in which all wires possessed nanoscopic gaps reverted to open circuits in 
the absence of hydrogen gas. 
 
 1.5.2 Metal and Alloy Nanowire Arrays 
Nanowires of various metals have been fabricated. These nanostructures can be 
deposited into the pores by electrochemical deposition. The metal nanowires show 
very good magnetic properties. Qin et al. reported that the Co nanowires were obtained 
by electrodeposition of Co2+ into the pores of AAO templates. The coercivity is 2 kOe 
and the squareness (Mr/Ms) is as high as 0.92 when the applied field is parallel to the 
axis of nanowires arrays [30]. Furthermore, Co nanowires which have been 
electrodeposited into porous anodic alumina exhibit perpendicular anisotropy. This is 
due to their cylindrical shape. The coercivity and remanence ratio of Co nanowires 
depend strongly on the length, diameter, and spacing of the nanowires. Perpendicular 
coercivity as high as 2.6 kOe and remanence ratios exceeding 0.9 have been obtained 
[31]. Yang et al. [32] reported the Fe nanowire showed coercivity of up to 1.832 kOe 
for the applied field perpendicular to the sample plane.  
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Later, Hu et al [33] controlled the orientation of Fe nanowires by changing the 
pH values and by using different diameter of the AAO template. They found that 60 
nm diameter Fe nanowires with a preferred (200) orientation showed an improved 
squareness and an easier magnetization than the Fe nanowires with a preferred (110) 
orientation. For 30 nm diameter Fe nanowires, the nanowires had a preferred (200) 
orientation and the magnetic properties were improved. The coericivity was 2.270 kOe 
and the aspect ratio was 98.4%.  
In addition, Hui Pan et al [34] reported the production of single-crystal Ni and 
Co nanowires by changing the deposition parameters. Low deposition voltages and 
high temperature (> 25 oC), resulted in polycrystalline Ni nanowires, but when the 
deposition voltage increased to 4.0 V, the Ni nanowires were tuned to be single crystal. 
The single crystal Ni nanowires have a preferred [220] direction while single crystal 
Co nanowires have a preferred [100] direction. Moreover, the single-crystal Ni and Co 
nanowires exhibited excellent magnetic properties. Ni nanowires have coercivity 1 
kOe and remanent magnetization (Mr) is 93.7%. The single-crystal Co nanowires have 
large anisotropy, large coercivity (1.8 kOe), and high remanence ratio (80.8%). 
The electrodeposition method is not limited to nanowires of pure elements. It 
can be used to fabricate nanowires of metal alloys with good control over 
stoichiometry. For example, by adjusting the current density and solution composition, 
Huang et al. controlled the compositions of CoPt and FePt nanowires to 50:50 in order 
to obtain the high anisotropic face-centered tetragonal phases [35]. Similar strategies 
have been used in other magnetic nanowires. Wang et al reported on the structure and 
magnetic properties of NiCu alloy nanowires electrodeposited into the porous alumina; 
they controlled the composition of NiCu nanowires to 1:1, but the magnetic properties 
were poor [36].  
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In addition, several groups have studied the structure and magnetic properties 
of NiCo nanowires. For example, Qin et al [37] reported the effects of annealing NiCo 
nanowires on the structure and magnetic properties. Before annealing, the NiCo 
nanowires had squareness (Mr/Ms) of only about 0.6. After annealing, the squareness 
increased to about 0.9 and coericivity was about 1 kOe. Later, Xu et al fabricated 
binary Co-Ni nanowires by alternating current electrodeposition. Before annealing, 
Ni57Co43 nanowire arrays had an obvious magnetic anisotropy, but after the Ni57Co43 
nanowire arrays were annealed at 200 oC, the magnetic anisotropy was reduced [38-39].  
1.5.3 Fabrication of Nanowire Arrays 
Research works which are focused on the realization of the potential benefits of 
nanowires, have incidentally led to the development of a large number of fabrication 
techniques. Some of the important methods are ion beam and electron beam 
nanolithography [40], vapor–liquid–solid (VLS) growth [41], hydrothermal synthesis 
[42], and chemical synthesis [43]. However, most of the above methods suffer from 
several serious limitations and the conventional nanolithography techniques are very 
cumbersome and require a lot of accuracy and skill. Moreover, the techniques are also 
not suitable for large-scale production of nanowires with high aspect ratios [44]. On 
the other hand, the hydrothermal and chemical synthesis techniques are less attractive 
due to the difficulty in exercising control over the length and diameter of the 
nanowires during synthesis. Template based synthesis of nanowires have recently 
gained lot of importance and popularity [45-46]. 
Self-ordered nanoporous membrane of molecular sieves [45], track-etched 
polymer [47], radiation track-etched mica [48], ion-track etched membranes [49], and 
anodic aluminum oxide (AAO) template [50] are increasingly being used as the mask 
or the template for nanowires fabrication. Among the above mentioned AAO template 
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is considered to be the most attractive due to the regular pore distribution, high pore 
density, and high aspect ratio of pores [51]. 
 
Anodic Porous Alumina 
The nanopores in the template are formed by anodizing aluminum films in an 
acidic electrolyte. The individual nanopores in the alumina can be ordered into a close-
packed honeycomb structure as shown in Fig. 1.2. The diameter of each pore and the 
separation between two adjacent pores can be controlled by changing the anodization 
conditions. The fabrication method of anodic porous alumina can be traced back to the 
work done in the 1950’s, which involved a one-step anodization process. This original 
one-step anodization method is still used to fabricate most commercial alumina 
membranes [52]. The anodic porous alumina has a high pore density (∼1011 pores/cm2), 
which allows one to fabricate a large number of nanowires at one time. Another 
interesting feature of the porous alumina template is that the chemistry of the pore 





Figure 1.2: Schematic drawing of anodic aluminum oxide (AAO) template. 
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The AAO templates can be fabricated easily and during fabrication precise 
control can be exerted over the distribution, length, and diameter of the pores. The 
AAO templates are prepared by controlled electrochemical anodization, which 
involves oxidation of pure aluminum in an appropriate electrolyte. Anodization 
parameters such as anodization voltage, current, electrolyte bath temperature, and 
composition are all suitably adjusted during fabrication of the template to obtain the 
desired distribution, size, and length of the pores [54]. Moreover, the AAO template 
usually contains a hexagonally packed 2D array of cylindrical pores with a relatively 
uniform size. The AAO template is stable at high temperature and in the presence of 
inorganic solvents, and the pore density is much higher (1011 pores/cm2). It would be 
worthwhile to mention that by using electrodeposition technique, nanowires of 
different metals can be fabricated in the pores of this template membrane.  
 
1.5.4 Growth Mechanism of Nanowire Arrays 
A significant challenge for the chemical synthesis of nanowires is how to 
rationally control the nanostructure assembly.  The 2D and 3D growth mode can be 
tailor made to produce a desired functionality. Length and interfaces are also important. 
Many physical and thermodynamic properties are diameter dependent. 
Electrodeposition is one of the chemical syntheses. It is a complicated method 
and involves charge transfer, reaction, adsorption, diffusion and interaction with the 
substrate. Thus, the structure of the deposited nanowires is closely related to the 
deposition conditions and growth modes. In general, there are three types of growth 
mode. They are Volmer-Weber growth mode, Frank-van der Merwe growth mode, and 
Stranski-Krastanov growth mode as seen in Fig. 1.3. All three growth modes depend 
on the binding energy of the metal atom on the substrate (γms) compared with that of 
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metal atoms on the native substrate (γmm), and on the crystallographic misfit 
characterized by inter-atomic distances dm and ds of 3D metal and substrate bulk 
phases, respectively [55].  
In addition, Tian et al [56] showed that the single-crystal structure of Au, Ag 
and Cu nanowires deposited by electrodeposition were the 2D-like nucleus as shown in 
Fig. 1.3(b). The crystalline nanowires will grow after the nucleus size exceeds the 
critical dimension Nc [56]. The larger the Nc is, the more favorable it is for a single 
crystal to grow from a previously nucleated seed grain. Therefore, the critical 








=     (1.1) 
where s, ε, Z, η, and b are the area occupied by one atom on the surface of the nucleus, 
the edge energy, the effective electron number, and a constant, respectively. And η is 
the overpotential and defined as: 
0( )E I Eη = −     (1.2) 
Where E(I) and E0 are the external current induced potential and the equilibrium 
potential of the electrode (potential in the absence of the external current), respectively. 













    (1.3) 
Normally, the single crystal growth of nanowires is 2D-like nucleus [56] under 
lower overpotential. This is because the smaller the overpotential, the larger Nc is, 
which is more favorable for a single crystal growth of nanowire. If this is the only 
mechanism involved, it is difficult to explain the single crystal growth of high melting 
point metal 
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nanowires, because Nc is smaller for 2D nucleation and favors the 3D cluster, as 




Figure 1.3: Schematic representation of different growth modes of metal deposition on 
a foreign substrate depending on the binding energy of the metal atom on the substrate 
(γms), compared to that of metal atoms on native substrate (γmm), and on the 
crystallographic misfit characterized by interatomic distances dm and ds of 3D metal 
and substrate bulk phases, respectively. (a) “Volmer-Weber” growth mode (3D metal 
island formation) for γms<< γmm independent of the ratio (dm-ds)/ds. (b) “Stranski-
Krastanov” growth mode (metal layer-by-layer formation) for γms>> γmm and the ratio 
(dm-ds)/ds<0 (negative misfit) or (dm-ds)/ds >0 (positive misfit). (c) “Frank-van der 
Merwe” growth mode (metal layer-by-layer formation) for γms >> γmm and the ratio 




1.6 Magnetic Films (FePt)  
 As described for different types and properties of hard magnetic materials, in 
this case, different materials also provide different properties. The magnetic layers in 
micro-electromechanical systems (MEMS) are ranged from submicron to nanometer in 
thickness. Studies have shown that CoNiP alloys used as micro-actuator showed 
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coercivity of ~ 2 kOe and squareness was 0.2 [57]. Furthermore, Ng et al [58] reported 
that the hard magnetic (Co-Ni-Re-W-P) films with high out-of-plane remanent 
magnetization of 3.11 kG and coercivity of 2.33 kOe could be applied to the 
fabrication of magnetic MEMS. However, the relatively low coercivity and 
magnetization limit the maximum energy product (BH)max. Furthermore, Cavallotti et 
a1 [59] obtained hard magnetic Co-Pt electrodeposits with a coercivity that ranged 
from 4 kOe to 2 kOe for film thicknesses from 50 nm to 10 microns. However, the 
coercivity was still low. Therefore, FePt may be a very promising candidate for 
MEMS because of its large saturation magnetization and anisotropy as shown in Table 
1.6. 














Nd2Fe14B 4.6 1270 73 514 585 Poor 
SmCo5 11-20 910 240-400 220 1000 Poor 
Sm2Co17 3.2 1040 850 333 1173 Poor 
FePt-L10 6.6-10 1140 116 407 750 Good 
CoPt-L10 4.9 800 123 200 840 Good 
 
Here, Ku is magnetocrystalline anisotropy; Ms is the saturation magnetization; Hk is 
the anisotropy field, (BH)max  is high energy product, and Tc is the Curie temperature 
 
There are many potential candidate materials for magnetic applications and the 
choice of materials depends on a number of factors. Table 1.6 shows characteristics of 
high performance permanent magnet materials. From Table 1.6, one can see that FePt 
with the L10 structure has high magnetocrystalline anisotropy, high magnetic saturation, 
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high Curie temperature. Another advantage of FePt is good corrosion resistance 
compared to rare-earth hard magnetic materials like Nd-Fe-B and Sm-Co.  
Most research studies have used physical techniques (sputtering, pulse laser 
deposition, etc.) to fabricate the FePt films but the films are very thin and it is not 
suitable for MEMS applications. Therefore, electrochemical deposition is one of the 
best techniques to fabricate thick films. The structure and magnetic properties of FePt 
films have been reported by some research groups. Fernando et al have studied the 
composition of Pt when applying different potentials. The L10 FePt was found after 
annealing at 400 oC, the coercivity is 0.3 T [60]. Later the texture, epitaxy and 
magnetic properties of electrodeposited FePt on Cu (001) have been reported. The out-
of-plane anisotropy was found in the FePt film with a coercivity of 1T [61]. Then, 
Leistner et al [62] reported high coericivity electrodeposited FePt films on Cu 
underlayer by post-annealing in hydrogen. The coericivity increased up to 1.1 T after 
annealing at 600 oC. 
 
1.7 Motivation 
Based on the introduction above, magnetic nanowires and continuous films are 
very promising in various applications such as sensors, nanoelectronics, spintronics, 
and micro-electromechanical system (MEMS). The physical and chemical properties 
of these nanostructures may be significantly different from bulk materials and 
desirable novel or enhanced properties may be obtained at this nanoscale. The 
important issue in the study and applications of these 1D materials is how to assemble 
individual atoms into 1D nanostructure in an effective and controllable way. 
In addition, self-ordered porous alumina membrane is widely used because it is 
an important self-organized template and particularly suitable for growing highly 
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uniform ordered nanostructures. The electrodeposition is well-known as a powerful 
technique widely applied for surface finishing and electrochemical machining of 
conducting materials on micro- and sub-micrometer scales [63-66]. Moreover, 
electrodeposition allows depositing a broad range of materials on various substrates 
such as wafer, polymer, and template. With electrodeposition it is also easy to control 
the length of nanowires, thickness of continuous films, and their compositions.     
In case of the metallic nanowires, although the structure and magnetic 
properties have been widely reported by other groups, the mechanisms of wires growth 
and structure evolution are not clear yet. In addition, there is no investigation on how 
to control the microstructure during the wires growth.   
For the continuous films, FePt alloys are a promising candidate for the 
magnetic applications because of their properties, the two major phases in the FePt 
system and the phase transformation between the disordered (face-center cubic, fcc) 
and ordered (face-center tetragonal, fct) phases as shown in Fig. 1.4. In the fcc 
structure, Pt and Fe atoms are randomly distributed in the site of the cubic cell as 
shown in Fig. 1.4(a). The magnetic anisotropy is very low. Therefore, the fcc phase is 
a soft magnetic phase. A high coercivity requires the transformation into the fct phase 
with a large magnetic anisotropy.  The fcc phase can be transformed into the fct phase, 
namely, L10 ordered phase (space group P4/mmm) by heat treatment as seen in Fig. 
1.4(b). The ordered FePt phase meets the requirement of the perpendicular recording 
media and micro-electromechanical system (MEMS). However, its high 
transformation temperature makes it unsuitable for industrial applications. The high 
annealing temperature may damage the substrate and result in roughness and grain 
growth. 
 





Figure1.4: The phase transformation of FePt from: (a) fcc phase and (b) fct phase. 
 
 
Several methods, such as additives doping and underlayer selection, have been 
used to fabricate FePt films with the L10 phase at relatively low temperature. Using an 
ultrathin additive layer, the phase transformation was promoted at relatively low 
temperature, while the magnetocrystalline easy axis was unchanged [67]. It has also 
shown that underlayers are effective in reducing the ordering temperature of L10 FePt 
alloys [68-69]. However, the mechanisms of the coercivity for the additive doping and 
underlayer effect are not clear. In addition, there is no report on these effects (additive 
doping and underlayer selection) on the coercivity behavior of thick films, which is 
very promising for the applications of MEMS. Furthermore, there are a few studies on 
the electrodeposition of FePt films [62-64, 70].  
 
The major objectives of this work are listed below: 
Magnetic nanowires: 
1) Fabrication of different thicknesses of AAO template by controlling the  
 deposition time. 
2) Investigation of microstructure evolution of magnetic nanowires via AAO  






     Annealing 
temperature 
a Pt atom Fe atom 
(a) fcc structure (b) fct structure (L10 ordered phase) 
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3) To understand growth mechanism of metallic nanowires  
4) To understand coercivity mechanisms of metallic and alloy nanowires 
 
FePt and FePtAg alloy films: 
1) Fabrication of FePt thick films deposited on different (Au, Ag, Cu) 
underlayers and FePtAg (dopant Ag) thick films by electrodeposition 
process.  
2) To study of the magnetic properties of FePt
 
and FePtAg in the dependence 
of microstructural parameters. 
3) To achieve high coercivity and large perpendicular anisotropy in FePt thick 
films. 
4)  To understand the coercivity mechanisms of FePt films deposited on 
different (Au, Ag, Cu) underlayers. 
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In this thesis, electrodeposition was used to prepare nanowires and continuous 
films. Metal and alloy nanowires were grown on anodic aluminum oxide (AAO) 
template. Alloy (FePt) films were deposited on Si/Cr/(Au, Ag and Cu) underlayers. In 
this chapter, the experimental procedures are presented. Different techniques (SEM, 
XRD, VSM, and TEM) have been used to characterize the microstructure and 
magnetic properties of nanowires and continuous films. 
 
2.1 Electrodeposition Process  
 Electroplating or electrodeposition is the application of a metal coating to a 
metallic or other conducting surface by an electrochemical process. When a metallic 
salt is dissolved in water it dissociates to form positively charged ions. The solution 
that contains these charged ions is referred to as an electrolyte or a plating solution. By 
passing a sufficient amount of electric current through this electrolyte, one can reduce 
the metal ions to form solid metal. This process is most commonly referred to 
electroplating or electrochemical deposition. Although traditionally this process has 
been used for depositing coatings, it can also be used to fabricate both metallic and 
semiconducting nanowires within the nanopores of porous anodic aluminium (AAO) 
template and films.  
 In this thesis, electrodeposition is utilized to grow metal and alloy nanowire. 
Also, it can be utilized to fabricate films.  
 
2.2 Fabrication of AAO Template 
2.2.1 Two-Step of Anodization Processes  
An aluminum foil (99.999%, 0.4 mm thick) with diameter of 6-7 cm was first 
cut from a big aluminum foil and used as the substrate material. The aluminum foil 
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was first degreased in ethanol for 2 hours with ultrasonic cleaning. Then the aluminum 
foil was rinsed with distilled water and etched in 1M NaOH until bubbles over the 
surface occurred, and finally the sample was rinsed with distilled water. Subsequently, 
the aluminum foil was dried. After that the aluminum foil was electrochemically 
polished in a mixture of perchloric acid and ethanol (1:4 by volume) to obtain a mirror 
surface on the aluminum foil. The AAO template can be created by one-step, two-step 
or three step anodization processes, but according to Masuda et al. [1] the two-step 
anodization process is the best choice as it provides high control of the regularity and 
size of the AAO nanostructure. The two-step anodization process was selected, 
schematically depicted in Fig. 2.1. The aluminum foil was anodized in a 30 g/l oxalic 
acid solution at room temperature for 6 hours with a constant voltage 40 V. The result 
showed that the pores were not uniform as seen in Fig. 2.2(a). Therefore, the oxide 
film was dipped into an aqueous mixture of phosphoric acid (60 g/l) and chromic acid 
(18 g/l) at 80 oC for 1 hour to remove the aluminum oxide layer (see Fig. 2.2(b)). Then, 
the second step anodization was repeated for another 6 hours under the same 
conditions as the first step. After the two-step anodization process, highly ordered 
nanopores were formed in the AAO template as shown in Fig. 2.2(c).   
The morphology and microstructure of the AAO template are examined using 


























Figure 2.2: Schematic view of the process flow used for AAO template formation: (a) 
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 In order to explain the effect of self-organization, the situation during the 
steady state pore growth has to be considered (see Fig. 2.3). Pores grow perpendicular 
to the surface with equilibrium of field enhanced oxide dissolution at the 
oxide/electrolyte interface and oxide growth at the metal/oxide interface [2, 3]. While 
the latter is due to the migration of oxygen containing ions (O2-/OH-) from the 
electrolyte through oxide layer at the pore bottom, Al3+ ions, which simultaneously 
drift through the oxide layer, are ejected into the solution at the oxide/electrolyte 
interface [4]. The fact that Al3+ ions are lost to the electrolyte has been shown to be a 
prerequisite for porous oxide growth, where as Al3+ ions, which reach the 
oxide/electrolyte interface, contribute to oxide formation in the case of barrier oxide 
growth [5, 6].  
The overall reaction that takes place during anodization is: 
3222
32 OAlOAl →+      (2.1) 
 Or  2322 332 HOAlOHAl +→+     (2.2) 
This is the sum of the separate reactions at each electrode. The reactions at the 
anode occur at the metal/oxide and oxide/electrolyte interface. The ions that make up 
the oxide are mobile under the high field conditions. At the metal/oxide interface the 
inward moving oxygen anions react with metal: 
−− +→+ eOAlOAl 632 32
2
    (2.3) 
At the oxide/electrolyte interface outward moving aluminum cations react with water  
   
++ +→+ HOAlOHAl 632 322
3
   (2.4) 
(In the case of aluminum dissolution into the electrolyte during porous film formation, 
the anodic reaction is −+ +→ eAlAl 622 3 ) 
The reaction at the cathode is hydrogen gas evolution: 
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   2366 HeH →+ −+      (2.5) 
The atomic density of aluminum in alumina is lower by a factor of two than in 
metallic aluminum. A possible origin of focus between neighboring pores is therefore 
mechanical stress associated with the expansion during oxide formation at the 
metal/oxide interface. Since the oxidation takes place at the entire pore bottom 
simultaneously, the material can only expand in the vertical direction, so that the 




Figure 2.3: Illustration of the formation mechanism of AAO. 
 
2.3 Fabrication of Alumina Nanowires 
For the fabrication of alumina (Al2O3) nanowires, chromic acid (chromium 
trioxide: CrO3) solutions were used as the etchant in this study. The dependence of the 
microstructure of alumina nanowires on the chromic acid concentration and the etching 
time was studied. 
In order to achieve a high quality of alumina nanowires, the AAO template 
should be aged in the ambient atmosphere for a relatively long time ranging from a few 
Chapter 2                    
 37 
hours to one month. The nursing period was found to affect the structure of alumina 
nanowires.  In addition, the presence of the alumina substrate was found to be 
important for good quality alumina nanowires, particularly in controlling the diameter 
of alumina nanowires. The aluminum substrate was not removed before the etching in 
this work, unless otherwise specified. SEM and TEM were used for the structural 
examination.   
 
2.4 Fabrication of Metal and Alloy Nanowire Arrays  
2.4.1 Metal Nanowires 
The AAO template was prepared by the two step anodization process; after this, 
the remaining aluminium on the AAO template was removed by CuCl2 solution. The 
oxide layer at the bottoms of the pores was removed in acid. To facilitate 
electrodeposition, a gold layer of thickness about 100 nm was sputtered on one side of 
the AAO template to make it conductive. A conventional three-electrode 
electrochemical cell was used to fabricate metal nanowires. The AAO template, 
sputtered with gold on the back, was used as the working electrode for fabricating an 
array of metal nanowires. A graphite rod and a saturated calomel reference electrode 
(SCE) were used as the counter and reference electrodes, respectively.  
The solution for metal nanowires had the following compositions: for Ni 
nanowires, the electrolyte consisted of 150 g/l NiSO4·6H2O, 13 g/l NiCl2·6H2O, and 25 
g/l H3BO3. DC electrodeposition was performed at various applied potentials ranging 
from 0.5 V to 4.0 V at room temperature. The pH value was 3.0 adjusted by the H2SO4 
solution. The samples were labeled as follow: 
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Sample 
Ni1 (0.5 V, 5 hrs) 
Ni2 (1.0 V, 5 hrs.) 
Ni3 (2.0 V, 4 hrs.) 
Ni4 (3.0 V, 3 hrs.) 
Ni5 (4.0 V, 3 hrs.) 
 
Following the same principles, Co nanowires have been fabricated using a 200 g/l 
CoSO4·7H2O and 40 g/l H3BO3 with pH value of 4 at room temperature. The samples 
were labeled as: 
Sample 
Co1 (0.5 V, 5 hrs) 
Co2 (1.0 V, 5 hrs.) 
Co3 (2.0 V, 4 hrs.) 
Co4 (3.0 V, 3 hrs.) 
Co5 (4.0 V, 3 hrs.) 
 
  In order to achieve Fe nanowires, the following solution was used: 120 g/l 
FeSO4·7H2O, 45 g/l H3BO3, and 1 g/l Ascorbic Acid, pH 3. For Fe nanowires N2 gas 
was flowing during the deposition to avoid oxidation. The samples were labeled as: 
 
Sample 
Fe1 (0.5 V, 5 hrs) 
Fe2 (1.0 V, 5 hrs.) 
Fe3 (2.0 V, 4 hrs.) 
Fe4 (3.0 V, 3 hrs.) 
Fe5 (4.0 V, 3 hrs.) 
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For Cu nanowires, the electrolyte contained 100 g/l CuSO4·5H2O and 40 g/l 
H3BO3 with pH value of 3. The pH value of all the solutions was adjusted by adding 
H2SO4 solution. The samples were labeled as:  
 
Sample 
Cu1 (0.5 V, 5 hrs) 
Cu2 (1.0 V, 5 hrs.) 
Cu3 (2.0 V, 4 hrs.) 
Cu4 (3.0 V, 3 hrs.) 
Cu5 (4.0 V, 3 hrs.) 
 
The magnetic properties of metal (Ni, Co and Fe) nanowires were measured by 
vibration sample magnetometer (VSM) with the applied field either perpendicular or 
parallel to the surface of the samples. The morphology of metal nanowires was 
observed by scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM). The phase structure characterization of metal nanowires was 
carried out by X-ray diffraction (XRD) with Cu-Kα radiation. 
 
2.4.2 Alloy Nanowires 
Similar process will be obtained in the alloy nanowires. In this work, alloys 
such as NiCo, NiCu, CoCu, and FePt nanowires were electrodeposited at room 
temperature from a sulfate bath. Electrodeposition was carried out using the 
conventional three electrodes, i.e., AAO template as a working electrode, saturated 
calomel reference electrode (SCE), and a graphite rod as a counter electrode. The 
electrolytes for NiCo nanowires all contained 150 g/l NiSO4·6H2O and 45 g/l H3BO3 
CoSO4·7H2O was added at several different concentrations to fabricate the NiCo 
nanowires with various ratios of Ni to Co. The pH value was adjusted to 3 by adding 
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H2SO4. Various current densities were applied. For NiCu nanowires, the electrolyte 
always contained CuSO4·5H2O and H3BO3 at 10 g/l and 25 g/l, respectively. 
NiSO4·6H2O was added at a variety of concentrations. The pH value was adjusted to 3 
by adding H2SO4. The CoCu nanowires were also deposited onto AAO templates at 
room temperature with a variety of current densities. The electrolyte consisted of 10 g/l 
CuSO4·5H2O and 40 g/l H3BO3, plus various concentrations of CoSO4·7H2O. The pH 
value was adjusted to 4 by adding H2SO4. In order to achieve FePt nanowires the 
solution concentrations were followed: 1 g/l H2PtCl6, 30 g/l FeSO4·7H2O, 70 g/l 
Na2SO4.  
   The components of the alloy (NiCo, NiCu, CoCu, and FePt) nanowires were 
determined by energy-dispersed X-ray spectrometer (EDS). The morphology of alloy 
(NiCo, NiCu, CoCu, and FePt) nanowires was observed by transmission electron 
microscopy (TEM). An X-ray diffraction instrument was used to investigate the 
microstructure of the alloy (NiCo, NiCu, CoCu, and FePt) nanowires. The magnetic 
properties of alloy (NiCo, NiCu, CoCu, and FePt) nanowires were measured by 
vibrating sample magnetometer (VSM) at room temperature. The applied magnetic 
field was 10 kOe. 
 
2.5 Fabrication of FePt and FePtAg Alloy Films 
 2.5.1 FePt films deposited on different underlayer (Au, Ag, and Cu) 
 
 FePt films were deposited on Si (100) substrates with different underlayers (Au, 
Ag and Cu). The underlayers were used as the cathode (working electrode). The 
electrolytes contained 0.5 g/l H2PtCl6, 30g/l FeSO4·7H2O, 70 g/l Na2SO4.  
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2.5.2 FePtAg films deposited on Ag underlayer 
FePt films were deposited on Si (100) substrates with Ag underlayer as the 
working electrode in aqueous bath containing 0.5 g/l H2PtCl6, 30 g/l FeSO4, 70 g/l 
Na2SO4, and AgNO3 was very from 0.01-0.04 g/l. 
The solutions of FePt films and FePtAg films were prepared from 100 ml 
distilled water. The pH value was adjusted to 3 by adding a small amount of H2SO4. 
The anode (counter electrode) was Pt foil and the reference electrode was Ag-AgCl 
saturated with KCl. All potentials are quoted with respect to this reference electrode. 
 For the working electrode, Si (100) wafer was first coated with 20 nm of Cr 
and then coated with an underlayer of Au, Ag or Cu with a thickness of 200 nm. In 
order to improve the stability of the electrode, the Si substrate with the underlayer was 
annealed at 200°C for 1 hour. Just before electrodeposition, the substrates were dipped 
into 10% H2SO4 solution to remove the oxide layers and then washed with distilled 
water. The deposition took place after inserting the substrate into the aqueous bath. 
The deposition was controlled using a potentiostat (ACM instruments). 
 
2.6 Annealing Process 
  Annealing is a heat treatment in which a material is exposed to an elevated 
temperature for an extended time and then slowly cooled without changing product 
shape. Annealing results in relief of internal stresses, softening, chemical 
homogenizing and transformation of the grain structure into more stable state. 
In this work, annealing of FePt films and FePt nanowires was used for 
diffusion and phase transformation. Moreover, annealing can help to improve the 
crystallinity of FePt films and FePt nanowires. The FePt films and FePt nanowires 
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were annealed at different temperatures (200, 400, 500, 600 and 800 oC) for 20 min in 
5% H2 and 95% Ar for 20 min.  
 
2.7 Characterization Methods 
2.7.1 X-Ray Diffraction (XRD) 
For the XRD experiments, a Bruker D8 ADVANCE x-ray diffractometer with 
Cu Kα radiation was used to identify the phases and examine the average grain size of 
the samples. Standard θ ~ 2θ scan or glancing angle scan was used to collect XRD 
spectra. The glancing angle method is surface sensitive and can avoid the influence of 
substrate in the spectrum. The x-ray incident angle was 0.5 ~ 2º. The phase was 
identified using standard powder diffraction files of JCPDS. The grain size calculation 
is based on the XRD profile analysis using the integral breadth method.  
As illustrated in Fig. 2.4, every type of crystalline material has its characteristic 
crystal structure and thus its sets of characteristic interplanar spacing. When the 
scattered x-ray in a certain direction is in phase with another scattered ray from other 
atomic planes, they form constructive interference and diffraction occurs. The 
diffraction follows Bragg’s law [7]:     
2 sind nθ λ=      (2.6) 
where θ is the angle between the incident x-ray and diffraction plane, d is the 
interplanar spacing of atomic planes, n is the integer corresponding to the order of 
diffraction plane and λ is the wavelength of the incident x-ray. 
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Figure 2.4: Illustration of x-ray diffraction 
 
 Bragg’s law relates the diffraction angle (θ) to the crystal structure (d) and the 
wavelength (λ) of the incident x-ray. The unique set of d spacing for a particular 
material can be found in the powder diffraction files (PDF) complied by the Joint 
Committee of Powder Diffraction Standards (JCPDS). For a polycrystalline powdered 
material, if the individual crystal is less than 100 nm in size, the crystallite size can be 
estimated using the Scherer equation: 





=       (2.7)                                
where  κ is a particle shape factor (for spherical particles, κ =0.9), L is the full width 
at half maximum (radians) and crystalliteB is diameter of the crystallites (Å). 
 One of the major problems in the determination of crystallite size from line 
broadening is to determine value of B. Of the many methods proposed, Warren’s 
method [8, 9] is the simplest:  
     B2=BM2-BS2       (2.8)                                                                 
Where BM is the measured breadth at half-maximum intensity, and BS is the peak 
width of a standard material, usually silicon with a large size. Thus, Bs corrects for the 
instrumental broadening. 
Chapter 2                    
 44 
 However, when a grain size is lower than 2.5 nm, it is very difficult to obtain 
the grain size by the above-mentioned method because the diffraction spots are diffuse 
and their intensity close to the background noise [10]. 
 Another determination of crystallite size is lattice strain. The lattice strain in 
the materials causes broadening of the diffraction peaks which can be represented by 
the relationship 
    Bstrain = η tanθ      (2.9) 
Where η is the strain in the material 
 
From Equations. (2.7) and (2.9), it is clear that peak broadening due to 
crystallite size and lattice strain increases rapidly with increasingθ. Since materials 
may conytain both small crystallite sizes and lattice strains, it is desirable to use at 
smaller diffraction angles to separate these two effects. 
 The width, Br, of the diffraction peak after subtracting the instrumental effect 
can be considered as the sum of widths due to small crystallite sizes and lattice strains: 
    Br   =   Bcrystallite  +   Bstrain              (2.10) 
and from Eqs. (2.7) and (2.9);  







= +               (2.11) 
Multiplying Eq. (2.11) by cosθ; 




κλθ η θ= +              (2.12) 
Equation (2.12) suggests that the larger the intercept the smaller the size of the 
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2.7.2 Scanning Electron Microscopy (SEM) 
 Scanning electron microscopy (SEM) is normally employed to study the 
surface morphology and particle/grain size. Electrons from the electron gun are 
accelerated towards the surface of the sample and the electrons interact with the 
sample resulting in an ejection of secondary electrons, backscattered electrons, primary 
electrons and x-rays. A detector collects the secondary electrons, backscattered 
electrons and other radiation signals. The amplified current from the detector 
combined with the spot of the cathode ray tube (CRT) scanning across the screen can 
provide information on the sample surface.  
In this work, a Philips XL30-FEG-SEM was used to investigate the surface 
morphology of the samples. The beam energy varied from 5 to 20 keV. The samples, 
(metal and alloy nanowires and FePt films), were mounted in the sample holder with 
aluminum tape connected to the sample surface to avoid a charging effect. 
 
  2.7.3 Energy-dispersive x-ray spectrometer (EDX) 
Energy dispersive x-ray spectroscopy (EDX) can be used to fingerprint the 
elements. When the specimen is bombarded with an electron beam, some electrons 
from the inner atomic shell will be kicked out. An electron from a higher atomic shell 
will fill up the vacancy in the inner shell. During this process, each type of atom will 
emit x-rays with characteristic wavelengths. The energy required for each of the 
excitations is 3.8 eV. Therefore, the number of electron-hole pairs generated is 
proportional to the energy of the x-ray photon being detected. Every atom species 
exhibits a characteristic x-ray emission spectrum. The fact that a spectrum of interest 
from 0.1 keV to the beam energy (20 keV) can be acquired in a relatively short time 
(10 ~ 100 s) allows for a rapid evaluation of the specimen.  
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In this work, the beam energy was applied at 15 keV during measurement. The 
collecting time was set at 120 s.  
  
2.7.4 Transmission electron microscopy (TEM)  
The transmission electron microscope is used to analyze micro-structure 
through high-resolution and high-magnification imaging. In this work, TEM 
observation was performed using a JEOL 3010 electron microscope at an accelerating 
voltage of 300 kV. It also enables the investigation of crystal structure, orientation and 
chemical composition, precipitates and contaminants through diffraction pattern, x-ray, 
and electron-energy analysis. Three kinds of images can be obtained in TEM with 
different mechanisms of image formation: bright-field, dark-field and high-resolution 
image. These three kinds of image are formed by selecting electron beams using 
suitable objective apertures for image information [11]. 
Bright field image is used for examination of microstructure. In order to 
examine a specimen in bright field, an aperture is placed in the back focal plane of the 
objective lens that allows only the electrons in the transmitted beam to pass and 
contribute to the resulting bright field image.  
A dark field image is formed by selecting scattered electron beam of any form 
with the field-limiting aperture inserted into the back focal plane of the objective lens. 
To obtain a dark field imaging with better resolution, the primary electron beam is 
tilted so that the chosen diffracted beam travels along the optical axis and pass through 
the centered aperture. The contrast in dark-field imaging is mainly the diffraction 
contrast. This imaging technique can provide useful crystallographic information of the 
specimen. (For example, the defects in crystals due to local distortion around the defect 
which changes the scattering conditions around the defects.) For polycrystalline 
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materials, due to the difference in the crystallographic orientation between the 
neighboring grains, the electron scattering conditions will be different between the 
neighboring grains. In other words, the satisfaction with the Bragg conditions for the 
neighboring grains is different, which leads to the difference in the intensity of the 
electron scattering. Therefore, the neighboring grains will appear different contrast 
under dark-field imaging. In this sense, dark field imaging technique can be used for 
analyzing grain size and size distribution. 
High-resolution (HR) TEM imaging can provide atomic resolution of microstructures. 
A larger objective aperture has to be selected that allows many beams including the 
direct beam to pass. The image is formed by the interference of the diffracted beams 
with the direct beam (phase contrast). If the point resolution of the microscope is 
sufficiently high and a suitable sample is oriented along a zone axis, then HRTEM 
images are obtained. In many cases, the atomic structure of the specimen can directly 
be investigated by HRTEM. 
 
2.7.5 Vibrating sample magnetometer (VSM)  
The vibrating sample magnetometer (VSM) was developed by S. Foner and 
Van Oosterhart. The VSM is one of the most commonly used instruments for 
measuring magnetic characteristics, such as the hysteresis loop. The schematic 
diagram of the VSM is shown in Fig.2.5.  




Figure 2.5: Schematic illustration of VSM. 
 
The basic principle of VSM is based on the Faraday’s law of electromagnetic 
induction, which states that the voltage induced V(t) in an electrical circuit is 
proportional to the rate of change of magnetic flux linking the circuit dφ/dt. 
   V(t)  = -C dφ/dt              (2.13)
                                                                                                         
 
A uniform magnetic field is applied to the samples during the measurement. 
The magnetic field is generated by an electromagnet or a superconducting magnet. The 
samples are mounted in the middle of the uniform magnetic field and oscillated by a 
vibrator, which is a mechanically coupled loudspeaker type velocity transducer. The 
samples are set to oscillate at low frequencies, e.g. 40-80 Hz. The magnetic flux is 
detected by means of a set of suitably placed pick-up coils. The amplitude of the coil 
signal is proportional to the sample magnetization, which is transformed to a magnetic 
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In this study, magnetic properties were measured using the Lakeshore 
instrument 3001 vibrating sample magnetometer (VSM) with a maximum field of 20 
kOe at room temperature (300 K). 
 
2.7.6 Superconducting quantum interference device (SQUID) 
In 1911 H. Kamerlingh Onnes found superconductivity in certain materials at 
very low temperature. The phenomenon was explained successfully by Bardeen, 
Cooper and Schrieffer (BCS) theory. In 1956 L. Cooper explained a process by which 
two electrons near the Fermi level could couple to form an effective new particle, even 
under a very weak attractive force. The superconductivity is due to the Cooper pair 
transportation in a circuit. If two superconducting regions are kept isolated from each 
other by a very thin non-superconducting material, there will be a tunneling across the 
gap. The tunneling of the electron-pairs across the gap carrying a superconducting 
current was predicted by Josephson [12].  
For this thesis work, a superconducting quantum interference device (SQUID, 
MPMS, Quantum design, USA) was used to measure some samples (FePt films) for 
the magnetic properties measurement. The samples were cut to 0.5×0.5 cm. The 
special straw provided by Quantum Design was used for the sample holder. Before 
measurement, the magnet was reset to eliminate the remnant magnetic field trapped in 
superconducting coil. Data were corrected for the magnetism of the sample holder and 
for the diamagnetic contributions which were measured with the empty holder and 
holder with substrate without films on the surface. 
   
2.8 Magnetization reversal mechanism 
In this section, the non-interaction Stoner-Wohlfarth mode and interaction mode are 
described. 
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2.8.1 Stoner-Wohlfarth Model [13, 14] 
The in-plane magnetization loops with applied field in the easy or hard 
direction are calculated from the minimum of the Zeeman energy and the uniaxial 
anisotropy energy as seen in Fig 2.6. 
 
 
Figure 2.6: A Schematic diagram of coordinates and angles for a single domain 
particle. 
 
The material is assumed to be uniformly magnetic and to possess uniaxial 
anisotropy. If a magnetic field H is applied at angle θ to the anisotropy axis, the system 
energy density is given by 
( )2sin cosuE K V HMVα θ α= − −             (2.14) 
 
Normalize the energy E by the product of anisotropy Ku and volume V. The normalized 
energy e is 















                  (2.16) 
Where  Ku: represents the magnitude of the anisotropy,  
θ 
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M: the magnetization of the material,  
  H: the external applied field,  
  V: the switching volume of the grain,  
α: the angle of magnetization with respect to the easy axis, 
θ: the angle of external applied field direction with the easy axis,  
h: the external field normalized by the anisotropy field Hk.  
 
On applying a field H at an angle θ to the easy axis, for which the 
magnetization at H=0 is originally saturated, the magnetization is coherently rotated 
by an angle β from the easy axis. Angular dependence of the switching field, called 
Stoner-Wohlfarth asteroid, is shown in Fig.2.7 [15]. For all fields inside the asteroid, 
the magnetization has two stable orientations; outside the asteroid, there is only one 
stable orientation. As soon as the applied field H crosses the asteroid, the 






































Figure 2.7: Stoner-Wolfarth asteroid. Reversal field values or switching field Hr(θ) 
predicted by the model of coherent rotation (polar plot). For a given angle of the 
applied field, the radius stands for the magnitude of Hr. Hr is defined as the field of the 
irreversible jump, whereas the coercive field Hc is defined for M·H=0. Hr and Hc 
coincide only for the directions close to easy axes of magnetization.  
 
2.8.2 Interaction Model 
Interaction effects in particulate magnetic materials can be studied via 
techniques based on the Wohlfarth relation [16] which link the isothermal remanence 
(IRM) and DC demagnetization (DCD) remanence curves as shown in Fig. 2.8. 
The IRM remanence curve is measured on a previously demagnetized material. 
The material is then subjected to a positive applied field at which point the 
magnetization is measured. The applied field is then removed and the remanent 
magnetization is measured as seen in Fig. 2.8. The cycle is then repeated, incrementing 
the positive applied field, until saturation is reached. Plotting remanent magnetization 
versus the previously applied positive field gives the IRM curve. As only remanent 
moments are considered, the IRM curve charts the progress of the irreversible changes 
in magnetization.  
β 












Figure 2.8: Illustration of typical DCD and IRM curves.  
 
 
The DCD remanence curve is measured by first saturating the sample in a 
positive applied field then applying a known reverse field at which point a 
measurement is taken. The reverse field is then reduced to zero and the remanent 
magnetization is measured as seen in Fig. 2.9. The process is cycled with an 
incremented reverse field until negative saturation is reached. As with the IRM curve, 
the measurement taken in the applied field contains contributions from both reversible 
and irreversible magnetization processes, while the remanent measurement contains 
only the irreversible contribution. 





































Figure 2.9: Schematic explanation to measure the field dependant magnetisation 
remanence (Mr) and demagnetization remanence.  
 
The Wohlfarth relation, which links these two remanence curves, was derived 
for an assembly of non-interacting single domain particles with uniaxial anisotropy 
where magnetization reversal occurs by coherent rotation. In reduced units (normalized 
so that the saturation remanence equals unity), the Wohlfarth relation is [16]:  
 
Md(H) = 1 – 2Mr(H)              (2.17) 
 
Where Md(H) is the DCD remanence and  Mr(H) is the IRM remanence.  
Equation (2.17) was derived assuming a non-interacting system of particles. 
Any deviation in experimental data from this relationship can be attributed to the effect 
of interactions. Mc Currie and Gaunt [17] extended the derivation of the Wohlfarth 
relation to include the case where magnetization reverse is controlled by interaction 
modes. In a recent work, Kelly et al. [18] adopted an analytical approach to describing 
deviations from linearity and explicitly accounting for interactions by modifying the 
Wohlfarth relation:  
   ∆M(H) = Md(H) - [1 – 2Mr(H)]    (2.18) 
Where Md(H) is the DCD remanence; 
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Mr(H) is the IRM remanence. 
A plot of ∆M(H) (occasionally written as ∆M) against H therefore gives a 
curve characteristic of the interactions present. Two such curves are shown in Figure 
2.10. A number of conclusions can be drawn when the dominant reversal process is the 
same for both the IRM and DCD curves. The first concerns the sign of the ∆M(H) plot. 
Positive ∆M(H) plots (curve 1 in Fig. 2.10) indicate interactions that encourage the 
magnetized state; i.e., positive ∆M(H)  plots imply magnetizing interactions. Positive 
∆M(H) plots are usually associated with exchange coupled granular systems [19].  
Negative ∆M(H) plots (curve 2 in Fig. 2.10) imply interactions that attempt to 
demagnetize the material. Therefore, the conclusion can be associated with exchange 
coupling for positive ∆M(H) plots and with dipolar coupling for negative ∆M(H) plots.  
 
 
Figure 2.10: Schematic ∆M curves illustrating different coupling regimes. 
 
 
2.8.3 Nucleation and Domain Wall Motion Modes 
 
The starting point for the nucleation and domain wall motion model is a system 
where magnetization reversal is achieved by nucleation and domain wall motion. At 
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saturation, no domain walls exist in the material. Thus, before magnetization reversal 
can proceed, some reverse domains must be created. Therefore, in principle, systems 
subject to magnetization reversal by domain wall motion undergo a two-stage process: 
an initial nucleation phase and a domain wall motion phase. Now the reaction of this 
system to an applied magnetic field will depend on the relative difficulty of (i) 
nucleating reverse domains and (ii) moving domain walls once nucleated. For most 
materials, this nucleation stage occurs before the application of a reverse field, as the 
remanent magnetization (Mr) is not equal to the saturation magnetization (Ms).  
There are two extreme cases: (a) the nucleation energy is much less than that required 
moving domain walls; (b) the opposite is true. The first case is, in fact, the situation 
normally considered. In materials undergoing magnetization reversal by domain wall 
motion, it is usually the domain wall pinning properties that are investigated, rather 
than the initial creation of reverse domains. The measured hysteresis for this type of 
system is thus determined by the distribution of domain wall pinning energies. 
The other extreme case is a system where the nucleation energy is greater than the 
domain wall pinning energy. In this system, the domain walls, once nucleated, move 
rapidly through the material until the magnetization reversal is complete. The 
hysteresis curve in this case is observed as a catastrophic reversal resulting in an 
ideally square loop. 
 
2.9 Summary 
In this chapter, the procedures for the synthesis of metal and alloy nanowires and films 
using electrodeposition were described. A variety of techniques including XRD, SEM, 
EDX, and TEM were employed to investigate the morphology and microstructure of 
the films and nanowires. Magnetic properties were measured by VSM and SQUID at 
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room temperature. The coercivity mechanism was used to study the high coercivity of 
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3.1 General Information of Anodic Aluminum Oxide (AAO) Template 
The AAO template has received considerable attention in synthetic 
nanostructure materials due to their particular character such as controllable pore 
diameter and periodicity, extremely narrow distribution of pore size and the pore has 
ideal cylindrical shape [1-6]. This offers a promising route to synthesize a large-area, 
ordered nanostructure with high aspect ratio. 
 Moreover, the increasing attraction of AAO template is mainly due to its 
relatively easy and low-cost processing, which can produce nanowires with uniform 
diameters ranging from a few nanometers to a hundred nm in large areas. A number of 
templates have been extensively used in the templating process. One of them is micro 
and nanoporous polymeric filtration membrane that has been prepared by the “track-
etch” method. Membranes with a wide range of pore diameters (down to 10 nm) and 
pore densities approaching 109pores/cm2 are available commercially. Anodic 
aluminum oxide (AAO) is another excellent host material for growing nanowires. 
AAO template grown in acid electrolytes possesses a hexagonally ordered 
porous structure with pore diameters ranging from a few nanometers to 200 nm in a 
large area, pore lengths from 1 µm to over 100 µm, and pore density in the range of 
109 to 1012pores/cm2. Furthermore, AAO template has special properties such as 
minimal size, density and uniformity of the nanopores, stability, insulating properties, 
the ability to integrate the AAO template into a device or chip, corrosion resistance and 
decorative properties, and nanopore regularity which can be improved by a two-step 
anodization process [7, 8]. 
When aluminum metal is anodized to become oxide, alumina (Al2O3) is 
produced in the form of a film on the surface of aluminum metal. Anodic alumina is 
normally classified as non-porous (barrier layer) or porous. Barrier layer films grow in 
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relatively basic electrolytes (pH > 5) such as ammonium borate or boric acid, where 
the Al2O3 has very low or no solubility. There are several electrolytes for making 
anodized aluminum such as oxalic acid, sulfuric acid or phosphoric acids, which 
dissolve Al2O3 and yield a porous type structure. The structure of porous type Al2O3 
has been characterized by a closely-packed array of columnar hexagonal cells, each 
containing a central pore, approximately cylindrical, normal to the substrate surface 
and separated from the substrate by a barrier layer of film, which was first proposed by 
Keller in 1953 [9].  Also, these nanopores are separated by oxide barrier walls. The 
ideal AAO template consists of three distinct layers: Aluminum metal, a thin barrier 




Figure 3.1: Schematic drawing of the idealized hexagonal structure of anodic 
aluminum oxide: (a) top view and (b) side view. 
 
3.2 Factors Which Influence the Formation of AAO Template 
 An idealized drawing of the AAO film structure is shown in Fig. 3.2. The oxide 
had a cellular structure with a central pore in each cell. The structure shows uniform 
hexagonal cells, but most anodization conditions produce films with disordered 
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structure. Anodization under appropriate conditions can produce AAO template with a 
highly ordered cell configuration. This process is characterized by proper 
concentration of the electrolytes and anodizing voltage, longer anodization period, a 
smooth surface of the Al sheet and room temperature anodization.      
   
 
 
Figure 3.2: Idealized structure of AAO.  
 
3.2.1 The Effect of Concentration of Electrolytes  
 Of all the parameters, electrolyte types and concentrations, and anodization 
voltage, have the strongest impact on the AAO structure. Self-organization has been 
found with three types of aqueous electrolytes: sulfuric acid (H2SO4), oxalic acid 
(H2C2O4) and phosphoric acid (H3PO4). There is certain optimum anodization voltage 
and solution concentration for each type of electrolyte. The anodic voltage that gives a 
well-ordered nanohole array is found to be dependent on the acid species. It is well 
known that among sulfuric acid (H2SO4), oxalic acid (H2C2O4), and phosphoric acid 
(H3PO4), oxalic acid is the best for the growth of aluminum oxide in terms of size and 
regularity of the pore [10]. In the present work, we have chosen oxalic acid as a fixed 
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parameter for the oxidation process. The anodization of the Al layer was therefore in 
an oxalic acid solution at room temperature. Concentrations of oxalic acid in the range 
of 10-90 g/l were used to investigate its effect on the ordering (40 V at room 
temperature). SEM pictures of the resulting AAO are shown in Fig. 3.3. At low 
concentration of oxalic acid (10 g/l), many small holes were found in each pore as seen 
in Fig. 3.3(a).  The best ordering occurs in the range of 30-50 g/l oxalic acid. All the 
pores were uniform with hexagonal ordered structure as shown in Figs. 3.3(b) and (c). 
The diameter of the hole was about 50 nm. Higher concentration led to bigger pore 
size as shown in Fig. 3.3(d). The reason is that the current and there by the ion drift 
and volume expansion increased with the concentration of the acid. Higher 
concentration therefore resulted in a larger expansion, which reduced the correlation 




Figure 3.3:  The effect of the different concentration of oxalic acid: (a) 10 g/l, (b) 30 
g/l, (c) 50 g/l,  and (d) 90 g/l.  
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3.2.2 The Effect of Anodization Voltages 
In addition, the oxide layer at the bottom of pores could be controlled by 
changing the anodization voltages. The anodization voltage plays a crucial role 
influencing the pore diameter. The pore size and pore spacing of the alumina 
membrane previously found to be proportional to the anodization voltage with 
proportionality constants of 1-1.2 nm/V [11]. 
In order to investigate the anodization voltage effect on the quality of the AAO 
template, the voltage was varied from 20 V to 60 V using 30 g/l oxalic acid at 25 oC. 
The diameter of the pore and interpore distance are shown in Fig. 3.4. The mean 
diameter of the pores increased with anodization voltage using the two-step 
anodization process. Anodization voltage of 60 V gave the largest mean pore diameter 
82 mm, while 20 V led to the smallest mean pore diameter 18 mm (see Table 3.1). The 
standard deviation from the mean pore diameter increased as well with the voltage. 
Furthermore, the error-in-fraction, which indicates AAO template quality, reaches a 
minimum of 0.15 (15%) at anodization voltage 40 V. The smaller the error-in-fraction 
is the better the AAO template quality, owing to the more uniform nanopore sizes. 
Hence, it was concluded that 40 V was the optimum anodization voltage for two-step 
anodization process to obtain the best quality of AAO template at 25oC anodization 
temperature. The moderate anodization potential favors the optimum interaction 
between the neighboring pores during volume expansion in the anodization. High 
anodization voltages cause large volume expansion and may result in structural defects 

















































Figure 3.4: The effect of the anodization voltage on growth of pore size and interpore 
distance. 
 
Table 3.1 The diameter of pore and interpore distance of AAO template growing 
at different anodization voltages 
Anodization voltage (v) Diameter of pore (nm) Interpore distance (nm) 
20 18 ± 0.5 54 ± 0.5 
30 29 ± 0.5 80 ± 0.5 
40 50 ± 0.5 110 ± 0.5 
50 65 ± 0.5 130 ± 0.5 
60 82 ± 0.5 165 ± 0.5 
 
Although the detailed mechanism for explaining the dependence of the 
ordering on the applied voltage is not clear at the present stage, some reports [12, 13] 
showed that the cell size has a good linear relationship with the applied voltage when 
the proportionality constant of the interpore distance per applied voltage is 
approximately 1.1 nm/V. The empirical formula is written as follows: 
    Dint = 2.5Va     (3.1) 
Where Dint is the interpore distance (cell size) in nm and  
 Va is the anodization voltage in V. 
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In this experiment, it observed that the interpore distance was 110 nm for AAO 
anodized in 30g/l oxalic acid at 40 V. The result was in accordance with the above 
linear relationship. The packing density of the pores could be derived from the 
interpore distance as follows:   





Dp =      (3.2) 
Where Dp is the packing density in pores per nm2. 
 
 
 For AAO anodized in oxalic acid at 40 V, we found Dint = 110 nm. Therefore, 
the Dp was calculated by equation (3.2) to be approximately 1010 pores/cm2. 
   
 3.2.3 The Effect of Temperature 
 In order to know the effect of temperature on the pore size the temperature is 
kept constant during anodization of each AAO. In this study, the anodization 
temperature was varied from 0 oC to 60 oC (30 g/l oxalic acid at 40 V). It was noticed 
that the anodizing current increased with the temperature. Figure 3.5 shows SEM 
images of AAO template produced at different temperatures. At 0 oC, the pores were 
not uniform and holes were very small and also one pore has a few holes as shown in 
Fig. 3.5(a). This means that the lower temperature was not suitable for anodization 
when using oxalic acid. The best ordering occurred at 25 oC with anodization voltage 
40 V. Figure 3.5(b) shows the uniform hexagonal pores with pore diameter of about 50 
nm. When the temperature was increased to 40 oC the pores became larger and the 
pores were not uniform. The diameter of pores was approximately 55nm. In addition, 
some pores have two holes inside and it seemed two alumina layers were formed. At 
high temperatures (50 oC and 60 oC), the diameter of the pores was larger (> 75nm) 
than that at low temperature (< 50nm) due to higher dissolution rate of oxide induced 
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by the increased drift of ions. Also, some parts of pores were broken as shown in Fig. 
3.5(d). Hence, the volume expansion was increased and the oxide layer was thinned, 




Figure 3.5: SEM images of AAO template prepared at different temperatures: (a) 0 oC, 
(b) 25 oC, (c) 40 oC, and (d) 60 oC.  
 
 3.2.4 The Effect of Anodization Time 
 It was found that a long anodization time can improve the regularity of the cell 
arrangement. Defect free regions appear in large domains whereas defects are found at 
the boundaries of these domains. That means the size of the defect free region 
increases with the anodization time. Even at the deficiency site of the concave pores 
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configuration can be recovered after a long anodization period. This is because the 
pores at deficient sites tend to develop and recover the closed packing arrangement of 
the cylindrical cells, which is the most probable arrangement in the cell configuration 
of the AAO. 
 Table 3.2 shows the thickness versus anodization time. The anodization was 
carried out in 30 g/l oxalic acid at room temperature at 40 V at 25 oC. From the result, 
it can be seen that the thickness of the AAO template increased with increasing 
anodization time. When anodization time was 3 hours the thickness of AAO was 
around 40 µm as seen in Fig. 3.6(a), continue increased the anodization time can lead 
to thickness of AAO up to 123 µm as shown in Fig. 3.6(c). 
  
Table 3.2 The thickness varied with anodization time.  
Anodization time (hour) Thickness (µm) 
3 40  
6 58  
9 80  
12 110  






Figure 3.6: The thickness of AAO template with the anodization time: (a) 3 hours, (b) 
6 hours, and (c) 15 hours. 
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3.3 Optimized Condition of AAO Template 
 From the results in sections 3.2, after two-step anodization the pores ranged 
from 18 to 80 nm in diameter and up to several microns in depth, depending on the 
concentration of electrolyte, deposition voltage, temperature, and time. Low 
concentration and low deposition voltage, results in small pore diameter. In contrast, at 
high concentration and high deposition voltage, the results showed very large pore 
diameter and interpore distance. The best quality AAO template was found when 30 
g/l oxalic acid was used at applying voltage 40 V at room temperature.  Figure 3.7 
shows SEM images of AAO template after two-step anodization. One can see that 
hexagonally ordered channel arrays and uniform pores were formed in the AAO 
template as shown in Fig. 3.7(a). The average diameter of nanopores and interpore 
distance were 50 nm and 110 nm, respectively. Figure 3.7(b) shows the cross-section 
of AAO template. The results showed highly regular structure of AAO template. The 












Figure 3.7: SEM images of AAO template after two-steps anodization: (a) top view 
with diameter of pore is about 50 nm and (b) cross-section. The anodization was 
carried out in 30 g/l oxalic acid at room temperature at 40 V for 6 hours.  
500 nm 1 µm 
(a) (b) 
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3.4 Formation of Alumina Nanowires 
During the removing of AAO after the first step anodization, alumina 
nanowires occurred. Therefore, we studied the formation of alumina nanowires. This is 
because alumina nanowires have attracted a significant attention because of their 
potential for applications in nanoelectronics, optoelectronic devices and other 
nanoscale designs [14-18]. In this work, chromic acid was used as the etching agent, 
while this acid solution seemed promising, and has not been reported before as the 
etching solution for the fabrication of alumina nanowires. 
One of the major findings of this work was the effect and importance of an 
aging process before etching. A relatively long period of aging the AAO template in 
the ambient atmosphere before etching was found necessary for the achievement of 
alumina nanowires of high quality, in terms of pore uniformity, diameter, and area 
coverage. 
Figure 3.8 shows the SEM micrographs of alumina nanowires. The prepared 
AAO template was stored in the ambient environment for 20 days before etching.   
Uniform alumina nanowires with a very high coverage rate were formed after etching 
by 20 g/l CrO3 solution for 30 min, as shown in Fig. 3.8(a). In Figure 3.8(b), at higher 
magnification of the top portion, it can be seen clearly that the whole surface was 
covered with very fine alumina nanowires. In Figure 3.8(c), it can be seen that in the 
bottom portion, the alumina nanowires had a large diameter compared to the top 
portion (Fig. 3.8(b)). After close observation, it could be seen that the nanowires were 
connected with the joining points of the hexagonal network. The nanopores were 
clearly visible underneath the alumina nanowires and the wire was very thin and belt-
like as shown in Fig. 3.9(a). The diameter of the alumina nanowries was in the range of 
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10-20 nm. The electron diffraction pattern in Fig. 3.9(b) revealed the amorphous nature 









Figure 3.8: SEM micrographs of alumina nanowires after etching for 30 min in 20 g/l 
CrO3 chromic acid solution.  The AAO template was aged in ambient air for 20 days: 






Figure 3.9: (a) TEM micrograph of AAO template after etching with chromic acid and 
(b) SAED of alumina nanowires. 
 
 
This study showed that AAO templates etched by chromic acid can produce 
very fine alumina nanowires. Studies of the concentration of the aqueous solutions, 
etching time, and aging time are of interest, since they can show the evolution of the 
microstructure from AAO template to the formation of alumina nanowires. 
(b) (a) (c) 
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3.5 The Effect of Varying Conditions on the Formation of Alumina 
Nanowires 
3.5.1 The Effect of Various Concentrations of Chromic Acid 
The concentration of the chromic acid is one of the most important parameters. 
In this work, the optimized concentration was determined. The concentration of the 
chromic acid was varied from 10 to 40 g/l and etching time was fixed at 30 min at 50 
oC. The AAO template was stored in the ambient environment for one month. It was 
found that no alumina nanowires could be formed when a low concentration of 
chromic acid (10 g/l) was used for the etching as shown in Fig. 3.10(a). Some pores 
started to break. This is because the concentration of chromic acid was not enough to 
form the alumina nanowires. When a higher concentration (≥ 40 g/l) was used, non-
uniform, short, and thick alumina nanowires were formed, as shown in Fig. 3.10(c). 
Furthermore, the alumina nanowires were broken and the wires were bundled together. 
The best results were obtained when 20 g/l CrO3 solution was used (Fig. 3.10(b)). This 
result showed uniform alumina nanowires, and every part of AAO was covered by 






Figure 3.10: Concentration effect of chromic acid on the formation of nanowires: (a) 
10 g/l, (b) 20 g/l, and (c) 40 g/l. 
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3.5.2 The Effect of Changing the Etching Time 
The etching time is one of the important parameters. Etching was done at 50 oC 
and etching time was varied from 1 min to 40 min and the AAO template had been 
stored in the ambient environment for one month.  As shown in Fig. 3.11(a), the walls 
between nanopores in the AAO template became thinner and many of them were 
broken after the 1min etching. The walls between neighboring nanopores were 
preferentially etched, while the intersection points of the hexagonal network remained 
nearly unchanged. Furthermore, very short and thick alumina rods were visible under 
SEM after etching for 1 min as seen in Fig. 3.11(a).  When the AAO template was 
etched for 5 min, shown in Fig. 3.11(b), relatively thick alumina nanorods appeared; 
more of them than when the AAO template was etched for 1 min.  However, the 
quality of alumina nanowires was poor.  When the AAO template was etched for 15 
min, relatively long and thick alumina nanowires were produced, as shown in Fig. 
3.11(c). Moreover, the nanowires were significantly thicker compared to those after 
etching for 30 min (see Fig. 3.8(b)).  When the etching time was more than 40 min, the 
aluminum oxide layer was completely etched away, as shown in Fig. 3.11(d). The dark 
spots showed the track of the nanopores in the alumina layer. 
This study of the characteristics of microstructure versus etching time has 
shown that 30 min is the optimized time for the formation of good alumina nanowires. 
However, the quality of the nanowires was also strongly correlated to other parameters. 
 
 





Figure 3.11: SEM micrograph of AAO template after immersion in chromic acid for : 




3.5.3 The Effect of Aging Time 
After optimizing the concentration and etching time, the effect of aging time 
was studied.  It has been known that high residual stresses can be present in AAO 
templates due to the volume expansion during the formation of AAO template from Al 
foil. [19-21] Part or all the internal stresses may be released with aging at room 
temperature. In addition, it is possible that the stress inside AAO template can be 
redistributed uniformly in the entire template. The internal stress will affect the 
formation of alumina nanowire, since stress strongly affects etching behavior. 
Therefore, the effect of the AAO aging period was studied in the range of one hour to 
over two months. The general trend was that the quality of alumina nanowires 
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improved with increased aging period. Non-uniform etching can be observed in the 
freshly prepared AAO template as shown in Fig. 3.12(a). It can be seen that some parts 
of AAO template had formed very thick and non-uniform alumina nanowires. With 
increased aging time, alumina nano-rod formation can be seen (Fig. 3.12(b)). It should 
be noted that the nano-rod was composed a bundle of walls connected each other, 
forming a bamboo-raft-like structure. This result was confirmed by TEM. Figure 
3.13(a) shows a TEM image of the bamboo-raft-like structure of alumina nanowires. 
Note that the wires are bundled together. If the aging time was long enough (15 days), 
nanowires can be formed as shown in Fig. 3.12(c). However, the wires were long and 
quite thick. If there was sufficient time for the template aging (2 months), a uniform 
and fine alumina nanowire could be observed after etching together with the optimized 
conditions (20 g/l concentration, 30min) as shown in Fig. 3.12(d). SEM technique 
could not clearly reveal the very fine alumina nanowires clearly. High resolution TEM 
was used to study the microstructure of alumina nanowires. Figure 3.13(b) shows a 
wire with a diameter of 5 ~ 10 nm. The results indicate an aging time of no less than 2-
3 weeks is indispensable for the fabrication of uniform alumina nanowires, probably 
because that amount of aging releases and redistributes the internal stress.  




Figure 3.12: SEM images of alumina nanowires formed from the etching of AAO 
template with the aging time of: (a) fresh, (b) 60 hours, (c) 15 days, and (d) 2 months. 





Figure 3.13: TEM images of alumina nanowires formed from the etching AAO 
template with the aging time of: (a) 15 days and (b) 2 months. The etching time was 30 
min and the concentration of chromic acid solution was 20 g/l. 
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3.5.4 The Effect of Annealing 
In order to confirm the possible effect of internal stresses, the comparison of 
the structures of alumina nanowires using a freshly prepared AAO template and using 
the AAO template after annealing at 100°C or 200°C for 1 hour was studied.  A 
significant improvement was observed after the additional annealing at 100-200°C, as 
shown in Fig. 3.14. However, the quality was not as good as that when the AAO 
template was aged in the ambient condition for two months. This is because the aging 
time effect may be due to the redistribution of stress/strain or release of the 
stress/strain. Therefore, 100 oC annealing should effectively release the stress/strain if 
the time is longer enough. Indeed, we found that after 100 oC annealing, Alumina 
nanowires becomes fine. Due to the fact that AAO template is amorphous, currently, 
we do not have one method to directly measure the stress/strain inside the template. 






Figure 3.14: SEM image of alumina nanowires when AAO template was annealed at 
100 oC and then etching in chromic acid solution (20 g/l) for 30 min.  
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3.6 Mechanism of Formation of Alumina Nanowires 
The possible formation mechanism is graphically illustrated in Fig. 3.15. 
Figure 3.15(a) shows the hexagonal arrays of nanopores before the etching. When the 
AAO template was immersed in the etching solution, the inner walls between 
neighboring nanopores were preferentially etched, as indicated in Fig. 3.15(b). As 
reported previously, [22] a non-uniformity in composition leads to a preferential 
etching. Non-uniformity in composition was experimentally proven by Thompson and 
co-workers [23]. A continuous etching can cause the further enlargement of nanopores 
and eventually lead to the formation of separated alumina nanowires as shown in Fig. 
3.15(c).  The diameter of the alumina nanowires decreased while the length of the 
nanowires increased with increasing etching time. When the etching time was 
terminated after an optimized time (30 min in this work), uniform and thin nanowires 
were formed on the AAO template as illustrated in Fig. 3.15(d). A prolonged etching 
time (40 min) results in the complete removal of alumina layer, as shown in Fig. 
3.11(d). For the shortly aged or freshly prepared AAO template, the etching was not 
uniform due to the non-uniform distribution of stress inside the template. Hence, the 
etching may finish in some of the areas of the wall. Other walls still connect to each 
other, forming a flake/bamboo-raft-like structure as shown in Fig. 3.15(e). Such kind 













Figure 3.15: A graphic illustration of the formation of alumina nanowires: (a) AAO 
template before etching, (b) enlargement of pore size, (c) continuous enlargement of 
pore size, (d) formation of alumina nanowires, and (e) formation of alumina flakes (the 
solid lines indicate the breaking which causes the formation of alumina flakes). 
 
 
Chapter 3                                      
 80 
3.7 Summary 
The hexagonal arrangement of nanopores in AAO suggested self-organization 
growth and correlation among nanopores. The oxalic acid electrolyte concentration and 
anodization voltage are important for growth of aluminum oxide. The current increases 
with the concentration of the acid. Therefore, lower concentration led to a small 
expansion and higher concentration resulted in a large expansion. The thickness of 
oxide layer depends upon the anodization voltage. During anodization at a constant DC 
voltage, the thickness of the barrier oxide layer remains constant, because the rate of 
alumina dissolution on the electrolyte side is equal to the rate of alumina production on 
the metal side.  At lower voltage, the barrier oxide layer is quite thick; that led to small 
pore size and higher voltage led to large pore size because the barrier oxide layer is 
thin. The optimized conditions that produce the best quality AAO was 30 g/l oxalic 
acid at V = 40 V at room temperature. In addition, the thickness of AAO increased 
with increasing anodization time. The Longer anodization time improves the regularity 
of the cell arrangement and leads to the thicker of AAO template. 
For alumina nanowires, the formation of alumina nanowires by etching AAO 
template using chromic acid has been investigated systematically. It is found that the 
stress inside AAO template strongly affected the nanowire formation. A proper aging 
time is indispensable for obtaining uniform and thin alumina nanowires. Additional 
studies showed that acid concentration and etching time also affected the formation, 
quality, and shape of the wires. In this study, it is found that chromic acid is suitable 
for fabricating alumina nanowires using the etching method. 
Therefore, AAO is an important and excellent material for growth of highly-
ordered nanowires due to the good properties such as stability, insulating properties, 
corrosion resistance, the minimal size, density and uniformity of the nanopore, the 
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ability to integrate the AAO template into a device or chip. In the next chapters, the 
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In recent years, the preparation of nanometer scale arrays of metallic magnetic 
nanowires has been the subject of intensive research [1, 2]. Due to its large aspect ratio, 
the uniaxial anisotropy of such a material is very high, which gives such materials a 
high perpendicular magnetic anisotropy. Magnetic nanowires have numerous potential 
applications such as magnetic data storage [3, 4], acoustic sensors [5], and non-
biofouling surfaces [6]. 
Various fabrication techniques have been developed for synthesis of nanowires, 
for example, organic template synthesis [7], sub-micrometer lithography techniques [8], 
and metal deposition in pores of anodic aluminum oxide (AAO) template [9, 10]. 
Among these techniques, AAO template has been widely used due to its reliability, 
reproductivity and low cost. Thus, AAO template is commonly used for 
electrodeposition of metallic nanowires [11-13], nanorods, and nanoparticles [14]. To 
date, most metallic nanowires were produced based on AAO template, such as Au, Ag 
and Ni nanowires [15-18]. Highly ordered nanowires with uniform diameter, deposited 
in the AAO template, are essential to study their properties and for the application. The 
physical properties of nanowires, such as magnetic property, are greatly related to their 
structures and arrangement, such as length and diameter. Most researches have been 
focused on the effect of the arrangement of the nanowires. Successful growth of 
single- crystal nanowires of low melting point metals have been reported [19], but 
growth of single- crystal nanowires of high-melting-point metals was claimed to be 
very difficult if not impossible [19]. Single- crystal Fe or Ni nanowires were reported 
in literature [15, 18]. But the single-crystalline size was rather small and there was no 
discussion on the mechanism of the single-crystal growth and the effect of single 
crystallinity on their magnetic properties.  
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In this chapter, it is demonstrated that single-crystalline Ni, Co, Fe and Cu 
nanowires with preferred orientation can be successfully produced based on the AAO 
template. These nanowires show excellent magnetic. The effects of deposition 
conditions on the structures of the nanowires were investigated. The experimental 
results were presented and the optimal deposition conditions for the single-crystal 
growth of metal nanowires were proposed. The mechanism for the single-crystal 
growth of metal nanowires was investigated. 
 
 
4.1 Optimized Parameter of Nanowires 
 In this work, AAO template with pore diameter 50 nm and thickness around 60 
µm was used to grow Ni, Co, Fe and Cu nanowires. The optimized parameters are 
shown in Table 4.1. The data in Table 4.1 was taken from EDX. The results showed 
that by optimized deposition potential and deposition time, length of nanowires is 
almost the same as AAO template. This result confirmed that nanowires were 
homogeneously filled into the nanopores of AAO template. Moreover, the 
homogeneous nanowires led to be easy to compare the structure and magnetic 
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Table 4.1: Optimization of deposition potential, deposition time and length of 
nanowires 
 
Sample Sample Sample Sample Length 
Ni1 
(0.5V, 5 hrs.) 
Co1 
(0.5V, 5 hrs.) 
Fe1 
(0.5V, 5 hrs.) 
Cu1 
(0.5V, 5 hrs.) 
55 ± 0.5 
Ni2  
(1.0V, 5 hrs.) 
Co2 
(1.0V, 5 hrs.) 
Fe2 
(1.0V, 5 hrs.) 
Cu2 
(1.0V, 5 hrs.) 
57 ± 0.5 
Ni3  
(2.0V, 4 hrs.) 
Co3 
(2.0V, 4 hrs.) 
Fe3 
(2.0V, 4 hrs.) 
Cu3 
(2.0V, 4 hrs.) 
58 ± 0.5 
Ni4  
(3.0V, 3 hrs.) 
Co4 
(3.0V, 3 hrs.) 
Fe4 
(3.0V, 3 hrs.) 
Cu4 
(3.0V, 3 hrs.) 
56 ± 0.5 
Ni5  
(4.0V, 3 hrs.) 
Co5 
(4.0V, 3 hrs.) 
Fe5 
(4.0V, 3 hrs.) 
Cu5 
(4.0V, 3 hrs.) 




4.2 Ni Nanowires 
4.2.1 Structure and Microstructure of Ni Nanowires 
 The optimized deposition potential, deposition time and length of Ni nanowires. 
By DC electrochemical deposition, Ni was homogeneously filled into the nanopores of 
AAO template. In order to visualize the nanowires, AAO template was immersed in 
phosphoric acid to slightly remove the alumina surface and expose the nanowires. 
Figure 4.1 shows an SEM image of Ni nanowires after totally removing the AAO 
























XRD was used to characterize the structure of the nanowires. Figure 4.2 shows 
XRD diffractograms of Ni nanowires. The spectra showed the structural evolution of 
the Ni nanowires with different deposition conditions. From the XRD results, one can 
see that all the Ni samples exhibited face center cubic structure (fcc) structure. At low 
deposition potential (0.5 V), the intensity of (111) peak was very strong and was 
accompanied with a weak (200) peak as shown in Fig. 4.2 (a). Increasing the 
deposition potential to 1.0 V caused the (111) peak to become much smaller and the 
(200) peak became slightly higher. In contrast to the lack of a (220) peak at 0.5V, the 
(220) peak became very prominent and strong (see Figure 4.2 (b)). The Ni nanowires 
have a preferred orientation along the [110] direction when the deposition potential 
was more than 1.0 V as seen in Figs. 4.2(c), (d) and (e). This indicates that highly 
textured structure with the preferred orientation in the [110] direction Ni nanowires are 
easy to grow at higher potentials. 
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Figure 4.2: XRD patterns of Ni nanowires for: (a) Ni1(0.5V, 5 hours), (b) Ni2(1.0V, 5 
hours), (c) Ni3(2.0 V, 4 hours), (d) Ni4(3.0 V, 3 hours), and (e) Ni5(4.0 V, 3 hours). 
 
 
The single- and poly-crystal structures were further confirmed by HRTEM and 
selected area electron diffraction (SAED). The detail of the micro structural evolution 
of Ni nanowires is shown in Fig. 4.3. The samples were prepared by removing the 
AAO template in an aqueous solution of 1M NaOH. It can be seen that the diameter of 
nanowires corresponds to the diameter of the template hole. The image of Fig. 4.3(a) 
shows that at low potential (Ni1 and Ni2) the Ni samples result in polycrystalline 
structure with non-uniform grains. The polycrystalline structure can be confirmed by 
SAED as shown in Fig. 4.2(b).  The results were consistent with the XRD. When the 
Ni samples prepared at higher potential (Ni3, Ni4 and Ni5) were examined, the results 
showed smooth and uniform structure (see Fig. 4.3(c)). The SAED pattern showed a 
single-crystalline Ni nanowires with the preferred orientation in the [110] direction, as 
seen in Fig. 4.3(d). The results of TEM micrographs and SAED patterns showed that 
the growth of Ni nanowires at low potential was random with a polycrystalline 
structure. Then, the wire preferred to grow in a certain direction until the wire changed 
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to a single-crystal. The orientation of nuclei of Ni was random and a texture was 
induced by the competitive growth between adjacent grains. The confinement of the 
nanowire growth in the AAO holes leads to orientation preferred growth during the 
deposition. Furthermore, the deposition potential will affect the growth of the 
ferromagnetic nanowires. Figure 4.3 clearly demonstrates that high quality single-
crystal Ni nanowires can be fabricated by the AAO template electrochemical 
deposition under controlled conditions. The TEM analysis in this work confirmed the 





Figure 4.3: TEM micrographs and selected area electron diffraction (SAED) patterns 
of Ni nanowires: (a) Bright field image of Ni1, (b) SAED of (a), (c) Bright field image 
of Ni3, and (d) SAED of (c).    
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4.2.2 Magnetic Properties of Ni Nanowires 
 The vibrating sample magnetometer was used to measure the magnetic 
properties of nanowires embedded in the AAO template at room temperature. The 
magnetic properties of Ni nanowires embedded in an AAO template are closely related 
to their microstructure and therefore to the growth condition. It is well known that 
reducing the diameter of nanowires could improve the squareness of the magnetization 
hysteresis and raise the coercivity of nanowires [16]. Additionally, the coercivity of the 
nanowires can be enhanced by increasing the nanowires length, which becomes 
saturated when the length exceeds a critical value at a constant diameter [20]. 
The magnetization hysteresis loops in Fig. 4.4 were measured for the Ni 
samples at two different magnetic field directions, parallel (out-of-plane of AAO 
template) or perpendicular (in-plane of AAO template) to the nanowires long axis. 
Figure 4.4 shows hysteresis loops of Ni nanowires prepared at various deposition 
conditions. In Figure 4.4(a), the remanence, squareness, and coercivity are relatively 
low as shown in Table 4.2. The Hc and Mr values for polycrystalline structure were 
rather low. When the Ni nanowires were grown at higher potential (1.0 V, 5 hours) the 
remanence, squareness, and magnetic anisotropy were improved as shown in Table 4.2. 
The coercivity was 0.806 kOe and remanent magnetization (Mr) 65.8% of the saturated 
Ms, in other words, the squareness of the hysteresis of the Ni nanowires was about 
0.658. The coericivty and remanent values were both rather low at perpendicular 
direction, indicating an evident perpendicular anisotropy of the nanowires. The 
crystallinity of Ni nanowires was further improved when the Ni nanowires were grown 
at higher potential (≥ 2.0V). It is worthy to note that the Ni nanowires grown at 2.0 V 
for 4 hours have much higher magnetic squareness (see Table 4.2). From the hysteresis 
loop, it can be seen that the loop was square as shown in Fig. 4.4(b). In addition, the Ni 
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nanowires prepared at 3.0 V showed the coercivity 1 kOe while remanent increased up 
to 93.8% of saturated value. From these results, it can be concluded that the 
crystallinity structure and arrangement of grains of Ni nanowires does affect the 
magnetic properties. Therefore, by controlling the growth condition it is possible to 




Figure 4.4: Magnetization curve of Ni nanowires embedded in the AAO template for: 
(a) Ni1(0.5 V, 5 hours), (b) Ni3(2.0 V, 4 hours), (c) Ni4(3.0 V, 3 hours), and (d) 
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Table 4.2: Coercivity Hc and Squareness of Ni nanowires.  
Sample Hc (kOe) (//) Hc (kOe) (⊥) Mr/Ms (//) Mr/Ms (⊥) 
Ni1 (0.5 V, 5 hrs.) 0.580 0.162 0.486 0.066 
Ni2 (1.0 V, 5 hrs.) 0.806 0.101 0.658 0.036 
Ni3 (2.0 V, 4 hrs.) 1.030 0.132 0.997 0.044 
Ni4 (3.0 V, 3 hrs.) 1.000 0.143 0.938 0.048 
Ni5 (4.0 V, 3 hrs.) 1.000 0.162 0.918 0.042 
 
4.3 Co Nanowires 
4.3.1 Structure and Microstructure of Co Nanowires 
Figure 4.5 shows SEM image of Co nanowires which were synthesized by DC 
electrochemical depositions. One can see that by removing the AAO template 
completely, individual Co nanowires could be observed. The nanowires formed in the 
AAO template had ordered structure as well. The mean diameter of the nanowires 
coincided with the diameter of the pores in the AAO template, showing that the 




Figure 4.5: SEM image of the surface morphology of Co nanowires after removing the 
AAO template. 
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Figure 4.6 shows XRD patterns of Co nanowires. The XRD results display the 
strong hexagonal closed packed (hcp) (100) peak, indicating that Co nanowires have a 
preferred (100) orientation. At vey low deposition potential (0.5 V), the result showed 
polycrystalline structure. The intensity of (100) peak was very strong, and there were 
also small (002) and (110) peaks. When the deposition potential was increased to 1.0 V 
Co nanowires have a preferred [100] direction. The further increase of the deposition 
potential leads to the polycrystalline structure, indicating that deposition rate is very 
high. The grain does not align well. At the higher potentials, all the peaks of Co 
appeared and the intensity of the peaks became sharper, especially at 4.0 V. Under the 
present experimental conditions, Co nanowires showed hcp structures. It has been 
shown that the crystal structure of Co nanowires greatly depends on the pH value of 
the electrolyte and Co nanowires with either fcc or hcp structures can be produced by 
changing the pH value. If the pH is around 4 to 6, it led to the hcp structure. In contrast, 
the pH less than 4 will lead to fcc structure [21, 22]. 
 
 










































Figure 4.6: XRD patterns of Co nanowires for: (a) Co1(0.5V, 5 hours), (b) Co2(1.0V, 
5 hours), (c) Co3(2.0 V, 4 hours), (d) Co4(3.0 V, 3 hours), and (e) Co5(4.0 V, 3 hours). 
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In order to confirm the growth mechanism of Co nanowires, TEM was used. 
Figure 4.7(a) shows the bright field image of polycrystalline nanowires. The 
diffraction pattern was taken from a selected area covering the whole wire, indicating 
the polycrystalline structure. The SAED pattern in Fig. 4.7(b) confirms that XRD 
results in Fig. 4.6.  For the Co nanowires, grown at 1.0 V for 5 hours, the TEM shows 
they are single-crystal. The SAED was confirmed that the Co nanowires were single-




Figure 4.7: TEM micrographs and SAED patterns of Co nanowires: (a) Bright field 
image of Co1, (b) SAED of (a), (c) Bright field image of Co2, and (d) SAED of (c).    
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4.3.2 Magnetic Properties of Co Nanowires 
 The magnetization hysteresis loops in Fig. 4.8 were measured for Co nanowires 
at different deposition potentials. The Co nanowires embedded in the AAO template at 
two different magnetic field directions, parallel (out-of-plane of AAO template) or 
perpendicular (in-plane of AAO template) to the nanowires long axis. Magnetic 
properties of Co nanowires are shown in Table 4.3. For Co1, the coercivity (Hc) and 
squareness (Mr/Ms) were poor as shown in Fig. 4.8 (a). When the deposition potential 
was increased to 1.0 V the result showed very good magnetic properties. This may be 
due to the single-crystal Co nanowires. The coercivity was 1.304 kOe and the 
remanent magnetization Mr equals 79.2% of the staturated Ms. For Co3, the coercivity 
and remanent magnetization values were 1.098 kOe and 76.4%, respectively (see Fig. 
4.8(b)). At higher deposition potential (≥ 2.0 V), the magnetic properties are interior to 
those of Co2 due to the reduction of crystallinity in Co3, Co4 and Co5. Another reason 
is, from XRD results, Co3, Co4 ann Co 5 were polycrystalline. The grains were not 
well aligning. Hence, the magnetic properties are not good as Co2. It should be noted 
that the easy magnetic axis of bulk Co is [001] so that the magnetic properties 
(coercivity and remanence) of Co nanowires would be further improved when [001] 
orientated Co nanowires are fabricated.   
 
Table 4.3: Coercivity Hc and Squareness of Co nanowires.  
 
Sample Hc (kOe) (//) Hc (kOe) (⊥) Mr/Ms (//) Mr/Ms (⊥) 
Co1 (0.5 V, 5 hrs) 0.697 0.220 0.307 0.046 
Co2 (1.0 V, 5 hrs.) 1.304 0.260 0.797 0.040 
Co3 (2.0 V, 4 hrs.) 1.098 0.533 0.764 0.047 
Co4 (3.0 V, 3 hrs.) 0.935 0.210 0.741 0.047 
Co5 (4.0 V, 3 hrs.) 0.960 0.415 0.739 0.098 





Figure 4.8: Magnetization curve of Co nanowires embedded in the AAO template for: 
(a) Co1(0.5 V, 5 hours), (b) Co2(1.0 V, 5 hours), (c) Co4(3.0 V, 3 hours), and (d) 




4.4 Fe Nanowires 
4.4.1 Structure and Microstructure of Fe Nanowires 
 Similar result was found in Fe nanowires. Figure 4.9 shows SEM image of Fe 
nanowires after total removal from AAO template. Individual Fe nanowires with an 
average diameter about 50 nm could be observed. The nanowires were bundled 
together after removing the AAO template. 









In order to study the structure of Fe nanowires XRD was used. Figure 4.10 
shows the XRD spectra of Fe nanowires in the pores of AAO template. The peaks in 
the patterns correspond to body centered cubic (bcc) Fe. At deposition potential 0.5 V, 
the peaks of (110) and (200) were very small (see Fig. 4.10(a)). When the deposition 
potential was increased to 1.0 V the intensity of the (200) peak became sharper and 
higher as seen in Fig. 4.10(b). The Fe nanowires showed a very strong rounded (200) 
peak and very broad (110) and (211) peaks as seen in Fig. 4.10(c). When the 
deposition potential was increased to more than 2.0 V, the Fe nanowires became 
polycrystalline. All the Fe peaks appeared; this may be due to the higher deposition 
rate and oxidation during the deposition.  
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Figure 4.10: XRD patterns of Fe nanowires for: (a) Fe1(0.5V, 5 hours), (b) Fe2(1.0V, 




  TEM was used to study the microstructure of the Fe nanowires. Figure 4.11 
shows the TEM micrograph of Fe nanowires. Several nanowires were examined. At 
low and very high potentials, the Fe nanowires were found to be only poly-crystalline, 
as shown in Fig. 4.11(a). The polycrystalline structure can be further confirmed by the 
selected area electron diffraction (SAED) pattern, as shown in Fig. 4.11(b). The pattern 
indicated a bcc-structure of the Fe nanowires, which is consistent with that observed in 
XRD spectrum. When the Fe3 (2.0 V, 4 hours) nanowires were examined, single-
crystal structure was observed, as shown in Fig. 4.11(c). The SAED in Fig. 4.11(d) 
shows that Fe nanowires have a preferred (200) orientation along the wires and SAED 
also revealed Fe nanowires are not perfectly single-crystalline.  
 




Figure 4.11: TEM micrographs and SAED patterns of Fe nanowires: (a) Bright field 




4.4.2 Magnetic Properties of Fe Nanowires 
 Figure 4.12 shows the magnetization hysteresis loops of Fe nanowires at two 
different magnetic field directions, parallel (out-of-plane of AAO template) or 
perpendicular (in-plane of AAO template) to the nanowires long axis. The magnetic 
properties of Fe nanowires were poor at deposition potential 0.5 V as seen in Fig. 4.12 
(a). The crystallinity of Fe nanowires was improved when the Fe nanowires were 
grown at 1.0 V and 2.0 V. For Fe2, the coercivity of Fe nanowires was 1.3 kOe, while 
Mr increased up to 87.2% of the saturated value. Thus, the coercivity and squareness of 
Fe nanowires were significantly improved compared to Fe nanowires deposited at low 
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deposition potential. It is noteworthy that the Fe nanowires grown at 2.0 V for 4 hours 
have much higher magnetic squareness as seen in Table 4.4. The remanent 
magnetization (Mr) was 93.5%, while the coericvity was 1.6 kOe. At higher deposition 
voltages (≥ 3.0), the magnetic properties were poor, indicating the polycrystalline 
structure. 
The difference in the hysteresis loops in Fig. 4.12 may be understood in terms 
of the different preferred orientations of the Fe nanowires. Because (110) is the hard 
magnetization direction of Fe and (200) is the easy direction, Fe nanowires grown at 
higher deposition potential with several peaks will be much harder to saturate than Fe 
nanowires with a preferred (200) direction. Therefore, by controlling the growth 
condition it is possible to grow Fe nanowires with good magnetic properties.   
 
Table 4.4: Coercivity Hc and Squareness of Fe nanowires.  
 
Sample Hc (kOe) (//) Hc (kOe) (⊥) Mr/Ms (//) Mr/Ms (⊥) 
Fe1 (0.5 V, 5 hrs) 0.543 0.078 0.437 0.016 
Fe2 (1.0 V, 5 hrs.) 1.306 0.140 0.872 0.020 
Fe3 (2.0 V, 4 hrs.) 1.600 0.270 0.935 0.042 
Fe4 (3.0 V, 3 hrs.) 0.735 0.126 0.648 0.044 
Fe5 (4.0 V, 3 hrs.) 0.972 0.318 0.860 0.047 
 
 




Figure 4.12: Magnetization curve of Fe nanowires embedded in the AAO template for: 
(a) Fe1(0.5V, 5 hours), (b) Fe2(1.0V, 5 hours), (c) Fe3(2.0 V, 4 hour), and (d) Fe5(4.0 




4.5 Cu Nanowires 
4.5.1 Structure and Microstructure of Cu Nanowires   
 In order to confirm the growth mechanism of single crystal Ni, Co, and Fe 
nanowires, Cu nanowires were studied. Figure 4.13 shows a SEM image of Cu 
nanowires which were synthesized by DC electrochemical deposition. One can see that 
the Cu nanowires were bundled together.  
 









The structure of Cu nanowires is nearly the same as the structure of Ni. It is 
face center cubic (fcc) structure. The XRD spectra of Cu nanowires are shown in 
Figure 4.14. The results were similar to Ni nanowires. The results in Cu samples 
exhibited face center cubic (fcc) structure. At low deposition potential (0.5 V), Cu 
nanowires are polycrystalline. The intensities of the (111) and (200) peaks were very 
strong as shown in Fig. 4.14(a). When deposition potential was increased to 1.0 V a 
very strong (220) peak could be seen which was accompanied with (111) and (200) 
peaks but the intensity of the (200) peak was very small (see Fig. 4.14(b)). Increasing 
the deposition potential resulted in a strong (220) peak.  When Cu nanowires were 
grown at higher deposition potentials, only the (220) peak appeared, indicating that Cu 
nanowires have a preferred orientation along the [110] direction as shown in Figs. 
4.14(c), (d), and (e). Therefore, the results with Cu nanowires confirmed the growth 
mechanism of Ni, Co and Fe nanowires. 
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Figure 4.14: XRD patterns of Cu nanowires for: (a) Cu1(0.5V, 5 hours), (b) Cu2(1.0V, 
5 hours), (c) Cu3(2.0 V, 4 hours), (d) Cu4(3.0 V, 3 hours), and (e) Cu5(4.0 V, 3 hours). 
 
 
 In the case of Cu nanowires, TEM was also used to examine the microstructure. 
Similar results were observed. At low deposition potential, the Cu nanowire was poly-
crystalline and the Cu nanowires became single-crystal at higher voltages, (≥ 2.0V). 
Figure 4.15(a) shows the bright field image of single-crystal Cu nanowires grown at 
2.0 V. The diffraction pattern was taken from a selected area covering the whole wire 
and the result confirmed that Cu nanowire was single-crystal as seen in Fig. 4.15(b). 
 




Figure 4.15: TEM images of Cu nanowire prepared at 2.0 V for 4 hours: (a) Bright 




4.6 Growth Mechanism 
 
The growth mechanism of nanowires was described in section 1.5.4 in the 
introduction. In this work, Au was sputtered on the back of the AAO template, and the 
AAO template was amorphous. An amorphous substrate is without an epitaxial 
influence and is inert with respect to the growth process of the deposit [23], although it 
would lead to growth of a specific lattice orientation under some specific conditions. 
Actually, in the initial stages of nanowire growth, the orientation of individual 3D 
nuclei is random and a newly coalesced compact deposit has a perfectly random 
orientation. The texture of thicker metal deposit is the result of a competitive growth 
mechanism occurring in a stage of growth subsequent to the coalescence stage. The 
low-surface-energy grains grow more easily than the high-energy grains do. Therefore, 
the rapid growth of the low-surface-energy grains at the expense of the high-energy 
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grains results in an increase in the grain size and favors the formation of columnar 
grain.  
Figure 4.16 used to confirm the growth mechanism of nanowires. Figure 4.16(a) 
shows that the bottom of the wire is not uniform. Combining with SAED results, the 
wire shows a polycrystalline structure with non-uniform grains. If the examination was 
moved to the middle part of the wire (Fig. 4.16(c)), it showed more uniform structure. 
The SAED pattern showed a highly textured structure with the preferred orientation in 
the (220) direction. If we examined the microstructure on the top of the wire, a very 
smooth and uniform structure could be observed (Fig. 4.16(e)). The SAED shows (Fig. 
4.16(f)) a well-aligned diffraction pattern, indicating a single-crystal structure of the 
nanowire in the top part. The results of TEM micrographs and SAED patterns show 
that the growth of Ni nanowire at the bottom of the AAO template is random with a 
polycrystalline structure. Then the wire prefers to grow in certain direction, until the 
wire changes to a single-crystal.  




Figure 4.16: TEM micrographs of Ni nanowires: (a) Bright field image Ni wire 
from the bottom of AAO template; (b) SAED of (a); (c) Bright field image of Ni 
nanowire between the bottom and the top; (d) SAED of (c); Bright field image of 
the top of Ni nanowire; (f) SAED of (e) 
 
 
In this work, it also was found that the overpotential and deposition time not 
only affect the crystallinity of the metal nanowires but also their structure. For Ni, the 
surface energy decreases along the (110), (100) and (111) faces. In electrochemistry, 
the low-surface-energy face more easily appears during the deposition. However, the 
preferred orientation not only depends on the native properties of the materials, but 
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also on the deposition conditions, such as the overpotential, time, and electrolyte. For 
the deposition of Ni, the adsorption of H ions on the cathode stabilizes the (110) face 
[24]. As illustrated in Fig. 4.2, (220) peak easily appears in this experiment. For single-
crystal structure, the preferred [110] direction is stable. The model shown in Fig. 4.16 
can be employed to understand the mechanism, combined with the electrochemistry. 
 
 
4.7 Coercivity Mechanism of Ni Nanowires 
 In this work, the Ni nanowires were studied to explore the mechanisms of 
coercivity. Ni nanowires were selected because they showed very good magnetic 
properties. The two samples are labeled as sample A [single-crystal Ni nanowires with 
high coercivity, Ni3 (2.0V, 4 hrs)] and sample B [polycrystalline Ni nanowires with 
low coercivity, Ni1 (0.5V, 5 hrs)]. In order to understand the coercivity mechanisms of 
the Ni nanowires, the remanent magnetization ∆M behavior was investigated. Figure 
4.17 shows the variation of ∆M for two samples of Ni nanowires when the external 
field was applied. Positive deviation of ∆M indicates the presence of exchange 
interactions, while the negative ∆M deviation means these are dipolar interactions. The 
two samples of Ni nanowires show a sharp positive peak of ∆M curve, which indicates 
strong exchange interactions exists in the Ni nanowires. This is because of shape 
anisotropy of the nanowires. 
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Figure 4.17: The variation of ∆m with the externally applied field for: sample A 
(single- crystal Ni nanowires with high coercivity) and sample B (polycrystalline Ni 
nanowires with low coercivity).  
 
Figure 4.18 shows the dependence of the coercivities of minor loops on the 
applied field.  In these thermally demagnetized samples, the coercivity increased 
initially slowly with the applied field until an applied field increased up to 1.5 kOe. 
After an applied field of 1.5 kOe, the coercivities of the two samples were constant 
until maximum field. This behavior showed that the field dependence of Hc in this 
thermally demagnetized sample is consistent with a nucleation-dominated coercivity.  
Figure 4.19 shows the angular dependence of the coercivity for Ni nanowires. 
The typical domain wall motion mechanism and the Stoner-Wohlfarth (SW) model are 
shown in Fig. 4.19. The coercivity angular dependence of sample A [single-crystal Ni 
nanowires with high coercivity, Ni3 (2.0V, 4 hrs)] and sample B [polycrystalline Ni 
nanowires with low coercivity, Ni1 (0.5V, 5 hrs)] showed the nucleation mode.  
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Figure 4.18: Dependence of the coercivities of minor loops on the applied field for 
thermally demagnetized Ni nanowires: sample A (single-crystal Ni nanowires with 
high coercivity) and sample B (polycrystalline Ni nanowires with low coercivity).  
 
 





  Sample A













Figure 4.19: The angular dependence of coercivity for: sample A (single-crystal Ni 
nanowires with high coercivity) and sample B (polycrystalline Ni nanowires with low 
coercivity).  
 




In summary, the preparation of metallic (Ni, Co, Fe and Cu) nanowires by DC 
electrodeposition into pores of an AAO template was successful. High quality single 
crystalline Ni, Co, and Cu nanowires could be produced by using AAO template 
electrodeposition at different deposition conditions at room temperature. Furthermore, 
Fe nanowires were not perfectly single-crystal. The structure of the nanowires was 
indicated by XRD. All Ni and Cu nanowires showed fcc structure. Moreover, Ni and 
Cu nanowires have a preferred [110] direction while Co nanowires have a preferred 
[100] direction under proper deposition conditions. The Co nanowires showed hcp 
structure. In contrast, all Fe nanowires showed the bcc structure and Fe nanowires have 
a preferred [200] direction with suitable deposition conditions. By changing the 
deposition conditions such as deposition potential and deposition time, polycrystalline 
nanowires were produced at lower potentials.  
Using TEM and SAED, the microstructure evolution of the nanowires was 
investigated.  The Ni, Co, Fe, and Cu nanowires tend to have the polycrystalline 
structure at the initial stage, and higher deposition potential led to single crystalline 
structure.  
In addition, the metal nanowires showed excellent magnetic properties 
especially at proper deposition conditions. The polycrystalline Ni, Co and Fe 
nanowires showed relatively poor coercivity and renanence. On the other hand, single-
crystal Ni, Co and Fe nanowires showed excellent magnetic properties. The coercivity 
of Ni nanowires was 1.03 kOe with the remanent magnetization 99.7%. On the other 
hand, the Co nanowires showed a coercivity of 1.304 kOe while Mr increased up to 
79.2% of saturated value. Also, the magnetic properties of single crystal Fe nanowires 
were very good. The coercivity and remanence were 1.6 kOe and 93.5%, respectively. 
Chapter 4   
 112 
Therefore, by controlling the growth and deposition conditions in this thesis, single-
crystal Ni, Co and Fe nanowires showed excellent magnetic properties. 
The ∆m curve of Ni nanowires showed a positive peak, which indicates strong 
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In this work, NiCo, NiCu, CoCu, and FePt nanowires were selected to study 
the structure and magnetic properties due to the structure (single-crystal) of Ni, Co and 
Cu nanowires. NiCo, NiCu, CoCu, and FePt nanowires were deposited via AAO 
template method due to its potential applications. By controlling the deposition 
parameters, horizontally layered and vertically layered (bamboo) structures have been 
achieved. The possible mechanisms are discussed. These nanostructures within 
nanowires may be useful for the exploration of new nanodevices. The magnetic 
properties of these alloy nanowires will be discussed.  
 
 
5.1 NiCo Alloy Nanowires 
5.1.1 Structure and Microstructure of NiCo Alloy Nanowires 
The current densities used, structures, and the atomic percentages (determined 
by EDX) of NiCo nanowires are summarized in Table 5.1. It can be seen that the 
microstructure was dependent on the preparation condition (current density and 
composition). There are four different structures observed, namely polycrystalline, 
single-crystalline, layer-like, and bamboo-like. Two nanostructures have been obtained 
in NiCo nanowires.  In this study, particular attention was paid to the two structures at 
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Table 5.1: Atomic percentage of Co for NiCo nanowires with different structures 















      
1.32 
(low) 
Poly Poly Poly Poly Poly Poly 
2.63 
(medium) 





Single Single Bamboo 
structure 
Poly Poly Poly 
7.89 
(very high) 
Single Single Single  Poly Poly Poly 
 
(Single = single-crystalline; Poly = Polycrystalline) 
 
 
The crystallographic structures of the NiCo nanowires as shown in Table 5.1 
have been characterized by XRD.  Figure 5.1 shows XRD patterns of NiCo nanowires 
with atomic percentage of Co 15% where the bamboo-like structure has been observed. 
For NiCo nanowires with atomic percentage of Co 15%, the nanowires after deposition 
with a current density of 1.32 mA/cm2 exhibited a polycrystalline structure. The fcc-Ni 
and hcp-Co had a strong texture of Ni-(220) and Co-(100) with a small peak of Ni-
(111), which was the strongest peak for isotropic fcc-Ni. The intensity of the Ni-(111) 
peak becomes undetectable, when the current density increases to 2.63 mA/cm2. Only 
a very weak Co-(100) peak could be seen in the XRD spectrum. When the deposition 
current increased to 5.26 mA/cm2, only the Ni-(220) can be seen, indicating the 
formation of a NiCo alloying phase with a single-crystalline structure. The single-
crystal structure was confirmed by TEM study. As reported in references [1] and [2], a 
high deposition rate tends to form single-crystal nanowires in pure Ni and Co metals. 
In this work, a high deposition rate tends to form a uniform alloy phase of Ni and Co 
with a single-crystalline structure. 
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Figure 5.1: XRD patterns of NiCo nanowires with atomic percentage of Co 15% 
prepared at different current densities: (a)1.32 mA/cm2, (b) 2.63 mA/cm2, (c) 5.26 




Figure 5.2 shows XRD spectra of the NiCo nanowires with atomic percentage 
of Co 25%, where layer-like structure was observed when the current density was 2.63 
mA/cm2. All the results showed polycrystalline structure. At low current density (1.32 
mA/cm2), the intensity of the Co (100) peak was very strong, and was accompanied by 
Ni (111) and Ni (220) peaks. When current density was increased to 2.63 mA/cm2, the 
intensity of the Ni (220) peak was stronger than the Co (100) peak. The layer-like 
structure occurred at this stage (as shown in the TEM micrographs). At higher current 
density, the results also showed polycrystalline structure with Co (100) and Ni (220) 
peaks, showing the textures of the two phases. This work has shown that no uniform 
alloying phase between Ni and Co can be formed during room temperature deposition 
for NiCo nanowires, when the atomic percentage of Co is 25% or higher. 
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Figure 5.2: XRD patterns of NiCo nanowires with atomic percentage of Co 25% 
prepared at different current densities: (a)1.32 mA/cm2, (b) 2.63 mA/cm2, (c) 5.26 




In addition, when atomic percentage of Co was 35% or higher, all the samples 
showed only polycrystalline structure with both lower and higher current densities, as 
shown in Fig. 5.3. At low current density, the intensity of Co (100) peak was very 
strong. The intensity of Ni (111) and (220) peaks became sharper with increasing 
current density. 
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Figure 5.3: XRD patterns of NiCo nanowires with atomic percentage of Co 35% 
prepared at different current densities: (a)1.32 mA/cm2, (b) 2.63 mA/cm2, (c) 5.26 




 The microstructure of NiCo nanowires was investigated by TEM. Figure 5.4 
shows TEM micrographs of the four most typical structures of NiCo nanowires, as 
described in Table 5.1. The pure Ni (0% Co) and 5% Co showed single crystal Ni 
nanowires at current densities of 2.63 mA/cm2 or higher. The single-crystal nanowire 
was confirmed by SAED as shown in Fig. 5.4(a). When the atomic percentage of Co 
was increased to 15%, the bamboo-like structure was formed (see Fig. 5.4(c)), at 
current density 5.26 mA/cm2. The dark area and white area corresponded to Co (100) 
and Ni (111), respectively, consistent with the XRD result. 
The bamboo-like structure of NiCo nanowire in this work was deposited by 
electrodeposition into AAO template. The formation of the bamboo-like structure is 
probably related to the intrinsic anisotropic properties, preferential growth along the 
direction of least interplanar distance and self-assembly of linear nanostructure [3-5]. 
Due to the difference in the phase structure of Co (HCP) and Ni (FCC), the growth 
Chapter 5                                                                                
 
 121 
mechanism is different. For the HCP Co phase, it prefers to grow along the easy axis 
(001). For the cubic Ni, the growth is along the (220) axis [2]. Single crystalline Ni 
and Co nanowires have been grown using AAO template at a relatively large current. 
Hence, at low concentration of Co (Co can easily form solid solution with Ni) single 
crystal nanowires were easily formed as shown in Table 5.1. When the atomic 
concentration of Co was increased to 15%, at low current density, single crystal 
nanowires could still be formed. This is due to the very slow deposition rate of Co. 
Hence, Co can form solid solution phase with Ni. The nanowire is still similar to pure 
Ni nanowire. However, when the current density was increased, the deposition rate of 
Co increased significantly. Thus, the growth of the nanowires was not uniform at the 
surface of the AAO hole. The fast deposition of Co leads to insufficient Co 
concentration at the surface of the AAO template. Consequently the deposition is rich 
in Ni. In contrast, the rich Ni deposition leads to a rich Co deposition at the surface of 
the AAO template, resulting in a segment of wire with a rich Co phase. Then the 
bamboo structure is formed, as seen in Fig. 5.4(c).  
Figure 5.4(d) shows the microstructure of NiCo nanowires with atomic 
percentage of Co 25% when the current density was 2.63 mA/cm2. The result shows a 
layer-like structure. It was confirmed by HRTEM that the dark area corresponded to 
Co (101) and the white area corresponded to Ni (111). Nevertheless, the contrast of 
these two areas is not so strong, which is due to the fact that the atomic ratio of Ni and 
Co in NiCo areas is about 1:1 according to the energy dispersive spectroscopy, and the 
atomic weights of Ni and Co are almost the same. The microstructure of a typical 
polycrystalline structure nanowire is shown in Fig. 5.4(b). The SAED examination 
confirmed the polycrystalline structure. 
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From the TEM results, the layer-like structure could be formed only at atomic 
percentage of Co 25%. At this relatively high concentration of Co it may not be easy 
for Ni-Co alloy form solid solution phase, although Ni and Co can form solid solution 
phase in the whole range (0-100%).  At low current density, the fluctuation of the 
concentration of Co on the surface of AAO holes may not happen because of the 
relatively low deposition rate and high concentration of Co. It should be noted that at a 
current density of 1.32 mA/cm2, layer-like structure of the nanowires was observed, 
but the structure was not clear. The above analysis showed that different atomic 
percentages of Co and current densities can lead to different microstructures. 
According to the traditional 3D and 2D growth mode, the direction of the initial 2D 
growth plane, which is a result of nucleation and competition between different planes, 
should be parallel to the wire axis. In Fig. 6.4(d), the layers in the NiCo nanowires are 
parallel to the wire axis. Thus, this kind of growth mode is consistent with the 
traditional 2D plane growth mode of the electrodeposited nanowires. This growth 
process follows thermodynamic principles. 
 





Figure 5.4: TEM micrograph of four structures of NiCo nanowires: (a) single-crystal 
with HRTEM and SAED, (b) polycrystalline with HRTEM and SAED, (c) bamboo-like 
structure with HRTE,  and (d) layer-like structure with HRTEM. 
 
 
In order to confirm the layer-like structure, the samples were tilted during TEM 
examination as shown in Fig. 5.5. As the starting point, the sample showed very 
narrow dark lines, this corresponds to Co-(101). After tilting by 11 degrees, the dark 
lines become broadened. Broad bands are seen after tilting by 15 and 21 degrees, 
respectively. The detailed study suggests that Co thin layers are sandwiched in the Ni 
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nanowires, as demonstrated in Fig. 5.5. The schematic three dimensional drawing of 
the layer structure of NiCo can be seen in Fig. 5.6(b). The black layers are Co and the 





Figure 5.5: TEM images of layer structure tilted at: (a) 0 degrees, (b) 11 degrees, (c) 







Figure 5.6: Schematic three dimensional drawing of: (a) bamboo-like structure and (b) 
layer-like structure.  
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5.1.2 Magnetic Properties of NiCo Alloy Nanowires 
The magnetic properties of NiCo nanowires embedded in an AAO template are 
closely related to their microstructure [2]. It is well-known that reducing the nanowire 
diameter could improve the squareness of the magnetization hysteresis and raise the 
coercivity of nanowires [6]. In addition, the coercivity of the nanowires can be 
enhanced by increasing the nanowire length [7]. The magnetization hysteresis loops in 
Figure 5.7 were measured for NiCo nanowires with atomic percentage of Co 15% 
embedded in the AAO template at two different magnetic field directions, parallel 
(out-of-plane of AAO template) or perpendicular (in-plane of AAO template) to the 
nanowires long axis. From the results shown in Fig. 5.7(a), it can be seen that at low 
current density (2.63 mA/cm2) the magnetic properties were very poor. This result was 
related to XRD result that showed polycrystalline structure, which is well known to 
have poor magnetic properties. 
In addition, it is worthy to note that the magnetic properties of NiCo nanowires 
were improved when the bamboo-like structure was formed as seen in Fig 5.7(b). At 
the perpendicular direction, bamboo-like structure has coercivity, Hc, 1.1 kOe. The 
remanent magnetization Mr corresponding to Mr/Ms = 90 %; in other words, the 
squareness of the hysteresis of the bamboo structure was about 0.9 (see Table 5.2). The 
Hc and Mr values were both rather low at the perpendicular direction, indicating a 
perpendicular anisotropy of the nanowires. Figure 5.7(c) shows the hysteresis loops of 
NiCo nanowires at high current density (7.89 mA/cm2). The single-crystal nanowire 
has a reduced valued in Hc and Mr compared to those of the NiCo nanowire with a 
bamboo-like structure. Note that the bamboo-like structure can help to improve the 
magnetic properties of nanowires, probably due to the pinning effect. 





Figure 5.7: Hysteresis loops of NiCo nanowires with atomic percentage of Co 15%: (a) 
polycrystalline, (b) bamboo-like structure, and (c) single-crystal.  (See Table 5.1 for 
the current densities that produced the 3 different structures) 
 
 
Table 5.2 The magnetic properties of NiCo nanowires prepared at current density 
5.26 mA/cm2 








0 1.000 0.124 0.979 0.032 
5 0.901 0.136 0.846 0.047 
15 1.100 0.115 0.900 0.029 
25 0.894 0.158 0.605 0.058 
35 0.527 0.149 0.411 0.064 
50 0.512 0.162 0.283 0.052 
 
 
5.2 NiCu Alloy Nanowires 
5.2.1 Structure and Microstructure of NiCu Alloy Nanowires 
As NiCo nanowires showeddifferent structures, thus NiCu nanowires are one 
type of the alloys that they should show similar structure. In this work, the samples, 
structures, and the atomic percentages (determined by EDX) of NiCu nanowires are 
summarized in Table 5.3. The structure was always polycrystalline at the different 
current densities and atomic percentages of Ni during the electrodeposition. Pure Cu 
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nanowires showed single-crystalline structure at relatively high current density. After 
atomic percentage of Ni increased all the NiCu nanowires showed only polycrystalline 
structure. This is because Cu has a high chemical potential (E = +0.34V) and it is easy 
to deposit. The deposition rate of Cu is much higher than Ni. Hence, during the 
magnetic deposition, Cu phase may segregate from Ni phase. 
 
Table 5.3: Atomic percentage of Ni for NiCu nanowires with different structures 















      
1.32 
(low) 
Poly Poly Poly Poly Poly Poly 
2.63 
(medium) 
Single Poly Poly Poly Poly Poly 
5.26 
(high) 
Single Poly Poly Poly Poly Poly 
7.89 
(very high) 
Single Poly Poly Poly Poly Poly 
 
(Single = single-crystalline; Poly = Polycrystalline) 
 
The crystallographic structures of the NiCu nanowires as shown in Table 5.3 
were characterized by XRD. From the results, one can see that when atomic percentage 
of Ni was 5% or more, all the samples showed only polycrystalline structure at both 
lower and higher current densities, as shown in Table 5.3, and with XRD for atomic 
percentage of Ni 50%, in Fig. 5.8. At low current density (1.32 mA/cm2), the result 
showed only Cu peaks. The intensity of Cu (111) peak was very strong. The Ni (220) 
peak appeared when the current density was increased to 2.63 mA/cm2, as shown in 
Fig. 5.8(b). The increasing of current density leads to the increasing of intensity of Ni 
(220) peak. At higher current density (7.89 mA/cm2) the intensity of Ni (220) peak was 
very strong while Cu (111) and Cu (200) peaks became smaller as seen in Fig. 5.8(d).  






































Figure 5.8: XRD patterns of NiCu nanowires with atomic percentage of Ni 50% 
prepared at different current densities: (a)1.32 mA/cm2, (b) 2.63 mA/cm2, (c) 5.26 
mA/cm2, and (d) 7.89 mA/cm2. 
 
 
In order to confirm the microstructure of NiCu nanowires TEM was used. TEM 
images of both several nanowires and of one wire were examined. All the nanowires 
showed only polycrystalline structure as seen in Fig. 5.9(a) and (b). The 
polycrystalline structure of NiCu nanowires was confirmed by SAED as shown in Fig. 
5.9(c). From the TEM results in this work, it was found that no other structures, such 
as layer-like or bamboo-like structure, can be found in NiCu nanowires via AAO 
template by the electrodeposition process.  
 
 





Figure 5.9: TEM images of the structure of NiCu nanowires: (a) several 




5.2.2 Magnetic Properties of NiCu Alloy Nanowires 
 In general, Cu metal is non-magnetic and the structure of Cu is fcc structure. 
Thus, it is interesting to study the magnetic properties of NiCu alloy nanowires. The 
magnetization hysteresis loops shown in Figure 5.10 were measured for NiCu 
nanowires with atomic percentage of Ni 5%, 15%, and 50% embedded in the AAO 
template at two different magnetic field directions, parallel (out-of-plane of AAO 
template) or perpendicular (in-plane of AAO template) to the nanowires long axis. One 
can see that at low atomic percentage of Ni (5%) the magnetic properties were very 
poor as seen in Fig. 5.10(a). Increasing the atomic percentage of Ni (≥ 15%) led to 
significant improvement of magnetic properties. The hysteresis loop of NiCu 
nanowires was square when the atomic percentage of Ni was 50%, as shown in Fig. 
5.10(c). The coercivity increased to 0.822 kOe and the remanent magnetization 
corresponding to Mr/Ms = 95.3%; in other words, the squareness of the hysteresis of 
the NiCu nanowires was around 0.953 (see Table 5.4), indicating that coercivity and 
remanence were improved by increasing the atomic percentage of Ni. This is because 
Ni is a magnetic material and it will play an important role when atomic percentage 
was increased.  






Figure 5.10: Hysteresis loops of NiCu nanowires with different atomic percentages of 
Ni: (a) 5%, (b) 15%, and (c) 50t%; the numerical values related to the hysteresis loops 
are given in Table 5.4. 
 
 
Table 5.4: The magnetic properties of NiCu nanowires prepared at current 
density 7.89 mA/cm2.   








0 - - - - 
5 0.186 0.134 0.453 0.433 
15 0.619 0.152 0.859 0.146 
25 0.698 0.142 0.891 0.112 
35 0.740 0.166 0.934 0.130 
50 0.822 0.175 0.953 0.126 
 
5.3 CoCu Alloy Nanowires 
5.3.1 Structure and Microstructure of CoCu Alloy Nanowires 
In this work, the samples, structures and the atomic percentages of CoCu 
nanowires are summarized in Table 5.5. The structure of CoCu nanowires was the 
same as NiCu nanowires. No other structures can be found except polycrystalline 
structure. For CoCu nanowires, it is difficult to form single crystal because that Co has 
a low chemical potential (E = -0.28V) compare to Cu (E = +0.34V). So, Cu is very 
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easy to be deposited. Normally, the deposition rate of Cu is much higher than Co. 
Therefore, during the magnetic wire deposition; Cu phase may segregate from Co 
phase. The microstructure of the CoCu nanowires was confirmed by TEM. 
 
Table 5.5: Atomic percentage of Co for CoCu nanowires with different structures 
 















       
1.32 
(low) 
Poly Poly Poly Poly Poly Poly 
2.63 
(medium) 
Single Poly Poly Poly Poly Poly 
5.26 
(high) 
Single Poly Poly Poly  Poly Poly 
7.89 
(very high) 
Single Poly Poly Poly Poly Poly 
 
(Single = single-crystalline; Poly = Polycrystalline) 
 
 
The structure of CoCu nanowires was analyzed by XRD. Figure 5.11 displays 
the XRD patterns of CoCu nanowires with the atomic percentage of Co 50%. At low 
current density (1.32 mA/cm2), the strong (200) texture was accompanied by a small 
peak of Cu (111) and a very small peak of Co (100). Increasing the current density 
leads to increased intensity of the Co (100) peak. When the current density increased to 
5.26 mA/cm2, the intensity of the Co (100) peak became sharper while the Cu (200) 
peak became smaller as shown in Fig. 5.11(c). At higher current density (7.89 
mA/cm2), the Co (100) peak was very strong, and it was accompanied with a strong Cu 
(111) peak and a small peak of Cu (200) (see Fig. 5.11(d)). In this work, the XRD 
result demonstrated that only polycrystalline structure can be found in CoCu 
nanowires. The polycrystalline structure of CoCu nanowires was confirmed by the 
TEM study.  
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Figure 5.11: XRD patterns of CoCu nanowires with atomic percentage of Co 50% 
prepared at different current densities: (a) 1.32 mA/cm2, (b) 2.63 mA/cm2, (c) 5.26 
mA/cm2, and (d) 7.89 mA/cm2. 
 
 
In this work, TEM was used to confirm the microstructure of CoCu nanowires. 
Figure 5.12 shows TEM images and SAED of CoCu nanowires. The result showed 
that all the CoCu nanowires were polycrystalline structures as shown in Fig 5.12 (a) 
and (b). The polycrystalline structure of one wire can be further confirmed by selected 
area electron diffraction (SAED) pattern as shown in Fig. 5.12 (c). The patterns 






Figure 5.12: TEM images of the structure of CoCu nanowires: (a) many 
polycrystalline nanowires, (b) one polycrystalline nanowire, and (c) SAED of one 
polycrystalline wire. 
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5.3.2 Magnetic Properties of CoCu Alloy Nanowires 
The magnetization hysteresis loops of CoCu nanowires are shown in Figure 
5.13. The VSM was measured for CoCu nanowires with atomic percentage of Co 50%, 
embedded in the AAO template, at two different magnetic field directions, parallel 
(out-of-plane of AAO template) or perpendicular (in-plane of AAO template) to the 
nanowires long axis. From the results, it is apparent that at low current density (1.32 
mA/cm2) the coercivity and squareness were low as shown in Fig. 5.13(a). This result 
was consistent with the XRD. The coercivity and squareness of CoCu nanowires were 
increased by increasing the atomic percentage of Co as seen in Table 5.6. It is worthy 
to note that atomic percentage of Co 50% led to the highest coercivity and squareness. 
The coercivity and the squareness were 1.235 kOe and 0.754, respectively. Therefore, 
by controlling the current density and deposition conditions it is possible to grow 




Figure 5.13: Hysteresis loops of CoCu nanowires with different atomic percentages of 
Co: (a) 5%, (b) 35%, and (c) 50%; the numerical values related to the hysteresis loops 
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Table 5.6: The magnetic properties of CoCu nanowires prepared at current 
density 7.89 mA/cm2.   








0 - - - - 
5 0.505 0.247 0.346 0.082 
15 0.944 0.150 0.491 0.031 
25 1.003 0.175 0.593 0.053 
35 1.027 0.235 0.687 0.045 




5.4 FePt Alloy Nanowires 
 5.4.1 Structure and Microstructure of FePt Alloy Nanowires 
 FePt is a good alloy because it has high coercivity, high remanence, and good 
chemical stability. It is different from other alloys (NiCo, NiCu, and CoCu) nanowires. 
For FePt nanowires, the ratio of around 50:50 Fe:Pt is very important to achieve good 
magnetic properties. In this work, FePt nanowires were fabricated via AAO template 
by electrodeposition.  
Table 5.7 shows that the ratio of Fe:Pt nanowires depends on the current 
density.  One can see that at the lower current density Pt was easier to deposit, while at 
higher current density it was easier to deposit Fe. A ratio of about 50:50 Fe:Pt resulted 
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Table 5.7: Optimization of the current density for the ratio of FePt nanowires 







XRD was used to study the structure of FePt nanowires. Figure 5.14 shows the 
XRD result of FePt nanowires. One can see that the as-deposited state the sample had a 
highly disordered structure, as only a weak and broad (111) peak of the fcc FePt phase 
was present. After the FePt nanowires were annealed at 400 oC for 20 min, the face 
center tetragonal (fct) phase became sharper but it is still broad, indicating the FePt 
nanowires need high temperature to form the fct phase. After the annealing of the films 
at 600 oC for 20 min, the peaks of the fct phases became sharper, especially the (111) 
and (200) peaks. The superlattice peaks of the L10 phase did not form. This result is 
corresponding to the research work [8]. All the peaks disappeared after annealing at 
700 oC for 20 min, indicating that higher temperature may damage the AAO template 
and result in no FePt nanowires in the AAO template.  
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TEM was used to study the microstructure of FePt nanowires. Figure 5.15 
shows the TEM micrograph of a FePt nanowire after annealing at 600 oC. Figure 
5.15(a) shows the bright field image of a FePt nanowire. The SAED confirmed that 






Figure 5.15: TEM micrograph of a FePt nanowire after annealing at 600 oC. 
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5.4.2 Magnetic Properties of FePt Alloy Nanowires 
 The magnetic properties of FePt nanowires were measured by VSM. The FePt 
nanowires were measured at two different magnetic field directions, parallel (out-of-
plane of AAO template) or perpendicular (in-plane of AAO template) to the nanowires 
long axis.  Figure 5.16 shows the hysteresis loops of FePt nanowires. The coercivity of 
as-deposited FePt nanowires was very low, showing the soft magnetic properties as 
seen in Fig. 5.16(a). The result suggests that the FePt nanowires had a disordered 
structure. The hard magnetic phase increased with increasing annealing temperature 
(see Table 5.8). The coercivity increased up to 2 kOe after annealing at 600oC. The 
remanent magnetization
 
corresponding to Mr/Ms = 85.8%. The squareness of the FePt 
nanowires was 0.858. In addition, the magnetic properties results of FePt nanowires in 
this work are similar to other research groups (Hc = 1.5 -2.8 kOe) [9-10]. Therefore, it 
is not easy to achieve high coercivity of FePt nanowires. This may be due to some 
reaction between FePt nanowires and AAO template during annealing because the 
color of AAO template has been changed.   
 
Table 5.8: The magnetic properties of FePt nanowires prepared at current 











As-deposited 0.095 86 0.204 0.127 
400 0.154 0.112 0.276 0.154 
500 0.864 0.110 0.531 0.314 
600 2.003 0.135 0.858 0.106 
700 0.026 0.005 0.034 0.022 
 




Figure 5.16: Hysteresis loops of FePt nanowire: (a) as-deposited, (b) annealed at 




5.5 Coercivity Mechanism  
 In order to understand the coercivity mechanisms of the NiCo nanowires, the 
remanent magnetization ∆M behavior was investigated. Two samples of NiCo 
nanowires were used to study and labeled as sample A (bamboo NiCo nanowires) and 
sample B (polycrystalline NiCo nanowires). Figure 5.17 shows the variation of ∆M for 
two types of NiCo nanowires when the external field was applied. Positive deviation of 
∆M indicates the presence of exchange interactions, while the negative ∆M deviation 
means dipolar interactions. The two samples of NiCo nanowires show a positive peak, 
which indicates strong exchange interactions. 
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 Applied Field (kOe)
∆∆ ∆∆ M
 Sample A 
 Sample B 
 
Figure 5.17: The variation of ∆m with the externally applied field for: sample A 
(bamboo NiCo nanowires) and sample B (polycrystalline NiCo nanowires).  
 
 
Figure 5.18 shows the dependence of the coercivities of minor loops on the 
applied field. In these thermally demagnetized samples, the coercivity initially 
increased slowly as the applied field was increased, until the applied field reached 3 
kOe. The coercivities of both samples were constant until maximum field of 10 kOe 
was reached. This behavior showed that the field dependence of Hc in this thermally 
demagnetized sample is consistent with the domain wall pinning process.  
Figure 5.19 shows the angular dependence of the coercivity for NiCo 
nanowires. The coercivity angular dependence of sample B (polycrystalline structure 
NiCo nanowires) showed the nucleation mode, while for the sample A (bamboo-like 
structure NiCo nanowires), it seems to be a combination of domain-wall motion mode 
and the domain-wall pinning related to the nucleation mode [11]. These results indicate 
that sample A may have introduced defects, e.g. dislocation, which acts as pinning 
sites that impede the domain-wall motion. The pinning effects can help to improve the 
coercivity of NiCo nanowires.   
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Figure 5.18: Dependence of the coercivities of minor loops on the applied field for: 









 Polycrystalline NiCo nanowires














Figure 5.19: The angular dependence of coercivity for: sample A (bamboo NiCo 
nanowires) and sample B (polycrystalline NiCo nanowires).  
 





In summary, the alloy (NiCo, NiCu, CoCu, and FePt) nanowires prepared by 
electrodeposition at different current densities into the pores of an AAO template was 
successful. High quality bamboo-like and layer-like structures were found in NiCo 
nanowires at the atomic percentage of Co 15% and 25%, respectively. The XRD 
results of bamboo-like structure suggested that a high deposition rate tends to form a 
uniform alloy phase of Ni and Co with a single-crystalline structure. Moreover, the 
TEM result confirmed that the dark area and white area of the bamboo-like structure 
corresponded to Co (100) and Ni (111), respectively.  
In the layer-like structure, XRD result showed only polycrystalline structure at 
low and high current densities. At higher current density, the intensity of Ni (220) 
became sharper. The TEM result indicated that the dark layer was Co (101) and the 
white layer was Ni (111).  
The magnetic properties of NiCo nanowires were obvious at bamboo-like 
structure. The coercivity was up to 1.1 kOe with the squareness 0.9. The experimental 
value of the saturation magnetization of the bamboo-like structure was close to the 
theoretical value.    
In the studies of the coercivity mechanism, the ∆M curve of NiCo nanowires 
showed a positive peak, which indicates strong exchange interactions. For the 
polycrystalline structure NiCo nanowires, the coercivity angular dependence  showed 
the nucleation mode, while for the bamboo-like structure NiCo nanowires, it seems to 
be the combination of domain-wall motion mode and the domain-wall pinning related 
nucleation mode. 
In addition, NiCu and CoCu nanowires were deposited by electrodeposition via 
AAO template at room temperature. The structures of the NiCu and CoCu nanowires 
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were studied by XRD. The results showed that only polycrystalline structures were 
formed at different current densities and atomic percentages of Ni and Co. Moreover, 
TEM also confirmed that all the NiCu and CoCu nanowires were polycrystalline.  
The magnetic properties of NiCu nanowires were poor at low current density 
(1.32 mA/cm2). At high current density, increasing the concentration of Ni led to 
improvement of coercivity and squareness. The magnetic properties of CoCu 
nanowires were also poor at low current density (1.32 mA/cm2). Increasing the current 
density and atomic percentage of Co led to improvement of coercivity and squareness.  
For FePt nanowires, the results showed a soft magnetic phase in the as-
deposited state. After the FePt nanowires were annealed at high temperature (≥ 400oC), 
the hard magnetic phase formed. A ratio of about 50:50 Fe:Pt resulted when the FePt 
nanowires were grown at a current density 5.26 mA/cm2. The highest coercivity of 
FePt nanowires was only 2 kOe after annealing at 600oC, indicating that the magnetic 
properties of FePt nanowires still were low. This may be due to the fact that the (001) 
texture did not form at high temperature (600oC).  
To improve the magnetic properties of FePt, the continuous FePt films were 
deposited on different underlayers by the electrodepositon process. The results will be 
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FePt film with the L10 phase is attracting significant attention because of its 
excellent magnetic properties such as large saturation magnetization, high 
magnetocrystalline anisotropy, high Curie temperature, and chemical stability [1].  
These properties are very promising for the development of high-density magnetic 
recording media [2, 3, 4] and micro-electromechanical systems [5]. Magnetic 
properties with coercivities of 4-5 kOe have been reported in FePt films on Cu 
underlayers [6, 7].  High coercivities up to 11 kOe have been reported on FePt derived 
from electrodeposition on Cu underlayers [4]. The substrate and/or underlayer may 
play an important role in the control of the crystallographic texture and in the 
improvement in magnetic properties (high coercivity). In this work, we have studied 
the effect of voltage and the metallic underlayer (as the deposition electrode) on the 
microstructure and magnetic properties of FePt films. High coercivities over 15 kOe 
with a (001) texture and a perpendicular anisotropy have been achieved. 
 
6.1 Optimized Chemical Parameter of FePt Films 
In this work, I have studied how to obtain the desired Fe/Pt ratio (around 50/50) 
by controlling the electrode potential while using optimized concentrations (see end of 
paragraph) of Fe and Pt in the electroplating solution. The ratios of Fe to Pt in films 
formed on three different underlayers at six voltages are shown in Table 6.1. The data 
in Table 6.1 was taken from EDX. The EDX graph in Fig. 6.1 shows the example of 
the nearest ratio 50:50 of FePt films deposited on Ag underlayers. The thickness of the 
deposit films is shown in Fig. 6.2. In this work, the thickness of the films was fixed at 
800 nm after deposition for 30 min. The annealing temperature varied from 200 oC to 
800 oC and annealing time was for 20 min.   
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From the results, it can be seen that at the lower potentials Pt was easier to 
deposit, while at higher potentials it was easier to deposit Fe. This is because the 
electrochemical potential of PtCl62- + 2e- = PtCl42- + 2Cl- is positive (+0.76 V) and the 
electrochemical potential of Fe2+ + 2e- = Fe is negative (-0.41 V). A ratio of around 
50:50 Fe:Pt was found when applying a potential of 850 mV for the Au underlayer, 
900 mV for Ag underlayer, and 950 mV for Cu underlayer, as shown in Table 6.1. In 
this work, Au, Ag and Cu underlayers were selected because they help to reduce the 
transformation temperature of FePt films. The optimized concentrations of the FePt 
solution used with all three underlayers were 0.001mol/l H2PtCl6, 0.01 mol/l FeSO4 
and 0.05 mol/l Na2SO4.  
 
Table 6.1: Optimization of the applied voltage for the Au, Ag, and Cu cathodes 
(underlayers). 
The composition of the electrolytic solution was: 0.001 mol/l H2PtCl6, 0.01 




Ratio of Fe:Pt 
using Au underlayer 
Ratio of Fe:Pt 
using Ag underlayer 
Ratio of Fe:Pt 
using Cu 
underlayer 
750 19.0:81.0 ± 0.5 14.8:85.2 ± 0.5 24.6:75.1 ± 0.5 
800 31.3:68.7 ± 0.5 21.5:78.5 ± 0.5 31.6:68.4 ± 0.5 
850 49.5:50.5 ± 0.5 34.8:65.2 ± 0.5 38.0:62.0 ± 0.5 
900 75.5:24.5 ± 0.5 50.0:50.0 ± 0.5 42.3:57.7 ± 0.5 
950 85.0:15.0 ± 0.5 76.1:23.9 ± 0.5 50.2:49.8 ± 0.5 
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Figure 6.1: EDX graph of nearest ratio 50:50 of FePt films deposited on Ag 
underlayer.    
 
 


















 Deposition time (min)
 
 
Figure 6.2: Thickness of FePt films versus deposition time. 
  
Chapter 6   
                                                                                                                                           
148 
6.2 Characterization and Microstructure Analysis 
6.2.1 XRD Analysis 
In this work, FePt films will transform from fcc phase into the fct phase. Hence, 
the fct phase will call L10 ordered phase (space group P4/mmm). In order to examine 
the formation of the intended hard-magnetic L10 phase, XRD was used in the study of 
the films after the films were annealed at different temperatures (200 oC to 800 oC) for 
20 min. Figure 6.3 showed XRD spectra of FePt films on Au underlayers. From the 
diffraction pattern of the as-deposited film, it could be seen that the sample had a 
highly disordered structure, as only a weak and broad (111) peak of the fcc FePt phase 
was present. After the films were annealed at 400 oC, the face center tetragonal (fct) 
phase began to form. It showed that Au can facilitate transformation and the (111) 
peak had split into two peaks, indicating the co-existence of the soft-magnetic fcc and 
the hard-magnetic fct phases. After annealing of the films at 600 oC, the peaks of the 
fct phases became sharper, especially the (001) and (110) superlattice peaks of the L10 
phase. As shown by the shoulder on the (111) peak, there were still two phases co-
existing, indicating that the phase transformation from fcc to fct was not completed 
after annealing at 600 °C. The annealing at 800 oC led to high intensities of the peaks 
for the fct phase. The identity of the (111) peak for the fcc phase disappeared, 
indicating that the completion of the phase transformation needed a high temperature 
for electrodeposition derived films.  Note that no crystallographic texture was present 
in the FePt films on Au underlayers, as shown in Fig. 6.3.  
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Figure 6.3: X-ray diffraction patterns of the FePt films deposited on Au underlayers 
with a thickness of approximately 800 nm after annealing at different temperatures. 
 
 
Similar results were observed in the FePt films on Cu underlayers. The as-
deposited state FePt film was disordered structure. The as-deposited FePt film and the 
FePt film annealed at 200 oC showed only fcc structure. The fct (111) peak was very 
broad. The fct phase was formed after annealing at 400-500 °C. The intensity of the 
(001) peak was not clear. The (111) peak decreased at high temperature (800 oC). This 
may be due to Cu forming another phase with Pt [8]. All the fct peaks were obvious at 
high temperature (600 oC). No crystallographic texture was evident in FePt films on 
Cu underlayers as shown in Fig. 6.4.  
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Figure 6.4: X-ray diffraction patterns of the FePt films deposited on Cu underlayers 
with a thickness of approximately 800 nm after annealing at different temperatures. 
  
 
In addition, when the FePt films were deposited on Ag underlayers the results 
showed a strong (001) peak, indicating highly texture in [001] direction at high 
temperature. It was quite different from FePt films deposited on Au and Cu 
underlayers. This may be due to Ag segregate FePt grain and help to improve the 
microstructure. The formation of fct phase of FePt films on Ag underlayer is shown in 
Fig. 6.5. From the diffraction pattern of the as-deposited FePt film, the sample also had 
highly disordered structure. Only a little fcc FePt phase was present as shown by a 
weak and broad (111) peak. After the films were annealed at 500 oC, the fct phase 
began to form. Intense fct peaks were clear at 600 oC. After annealing of the films at 
800 oC, the peaks of the fct phases became sharper and clearer, especially the (001) 
superlattice peak of the L10 phase. At high temperature (800 oC), the relative intensity 
of the (001) peak of fct-FePt phase on the Ag underlayer was higher compared to the 
standard PDF file for fct-FePt as shown in Fig. 6.5, indicating the preferred orientation 
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of (001). The XRD study showed that the Ag underlayers were isotropic. The 
formation of the (001) texture of the FePt films might be associated with the high 
diffusion rate of Ag into the FePt films [9, 10]. The mechanism of the formation of 
crystallographic texture needs to be further investigated. 
 



















































Figure 6.5: X-ray diffraction patterns of the FePt films deposited on Ag underlayers 
with a thickness of approximately 800 nm after annealing at different temperatures. 
 
 
 In this work, the Scherrer’s formula (equation (2.6) in chapter 2) was used to 
evaluate the grain size. Figure 6.6 shows the relationship between grain size and 
annealing temperatures of the FePt films deposited on different underlayers (Au, Ag 
and Cu). The grains were very small (~ 10 nm) in the as-deposited state. The 
calculated grain size increased with the increasing annealing temperature. For FePt 
films on Au and Ag underlayers, the grain size increased to 30-35 nm after annealing 
at 600 °C. The grain size of both FePt films on Au underlayers and FePt films on Ag 
underlayers approached 40 nm after annealing at 700 oC. After the films were annealed 
at 800°C, the grain size approached 50 nm for the FePt films on Au underlayers, while 
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the grain size lay between 40 to 45 nm for the FePt films on Ag underlayers. For FePt 
films on Cu underlayers, the grain size was around 23 nm at low temperature (400 oC). 
When the temperature increased, the grain size increased with the increase of the 
temperature. From the evaluation using the Scherrer’s formula, the grain size of FePt 
films on Cu underlayers was around 23 nm at 400 oC. It was not much different from 
FePt films deposited on Au and Ag underlayers. Then, when the temperatures 
continued to increase the grain size became larger. The grain size was much larger ~ 
45 nm after annealing at 600°C.  





























 6.2.2 Microstructure Properties as Revealed by TEM 
 Transmission electron microscopy (TEM) was used to study the microstructure 
of FePt films. Figure 6.7 shows the TEM image and selected area electron diffraction 
(SAED) pattern of as-deposited FePt films. Figure 6.7(a) shows bright field image and 
Fig. 6.7(b) shows dark field image of as-deposited FePt films. The film consisted of 
randomly oriented nanograin. The average grain sizes are about 5-10 nm. The HRTEM 
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image (Fig. 6.7(c)) showed that these grains were very small and that the film was in a 
disordered state (fcc phase), which was confirmed by SAED as shown in Fig. 6.7(d). 






Figure 6.7 Plain view TEM micrographs of as-deposited FePt films: (a) bright field 
image, (b) dark field image, (c) HRTEM image, and (d) SAED of FePt films.   
 
 
Furthermore, when the FePt films on different (Au, Ag and Cu) underlayers 
were annealed at different temperatures, at higher temperature the grain sizes became 
bigger as calculated by Scherrer’s formula from XRD. The calculated grain size 
increased with increased annealing temperature throughout the range of temperatures 
tested. Figure 6.8 shows the TEM images and SAED of FePt films on Ag and Cu 
underlayers. The grain size of FePt films on Ag underlayers was around 50 nm after 
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annealing at 800 °C as shown in Fig. 6.8(a). In contrast, the grain size of FePt films on 
Cu underlayers was very large (>70 nm) after the annealing at 800°C for (see Fig. 
6.8(c)). The larger grain sizes are likely to result in low coercivity. The grain size of 
FePt films on Ag underlayer was much smaller than that on Cu underlayers. This 
means FePt films on Ag underlayer provide good magnetic properties. Moreover, FePt 
films on Ag underlayers showed significant crystallographic (001) texture while FePt 
films on Cu underlayer showed only (111) as shown in Fig. 6.8(b) and (d), respectively. 







Figure 6.8 TEM micrographs and SAED of FePt films on Ag and Cu underlayers: (a) 
Dark field of FePt film on Ag underlayer, (b) SAED of FePt film on Ag underlayers, (c) 
Dark field of FePt film on Cu underlayer, and (d) SAED of FePt film on Cu 
underlayers the films were annealing at 800 oC. 
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6.3 Measurement of Magnetic Properties using VSM  
The magnetic properties of FePt films deposited on different underlayers (Au, 
Ag and Cu) were measured by VSM. Figure 6.9 shows the hysteresis loops for the 
FePt films deposited on Au underlayers. The coercivity of as-deposited FePt film was 
low, showing a soft-magnetic property with a low magnetization. The result suggested 
that the FePt film had a disordered structure, which possesses a low magnetization at 
room temperature.  After annealing at 200°C, though the sample was still soft-
magnetic, but the magnetization was much higher than that of the as-deposited sample. 
This result implies that the soft-magnetic fcc phase was the major phase after 
annealing at 200°C. This may be due to the fact that the Au underlayer does not diffuse 
much into FePt and thus does not help to improve the crystallinity of FePt films. Hard 
magnetism appeared after annealing at 400°C. This result agreed well with the XRD 
analysis, as the hard-magnetic fct phase began to appear after annealing at 400°C. The 
coercivity increased with the increasing the temperatures up to 600 oC, where the 
coercivity reached 10 kOe; after that the coercivity dropped at 800 oC. The comparison 
between the hysteresis loops taken in-plane and out-of-plane indicated that these FePt 
films on the Au underlayer were magnetically isotropic.  
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Figure 6.9: Hysteresis loops of FePt films in the as-deposited state and annealed at 
different temperatures.  
 
 
Similar results were observed in the FePt films on Cu underlayers. The as-
deposited FePt film was soft magnetic. After annealing at 200 oC, the samples still 
showed soft magnetic, indicating that the major phase was fcc phase. The hard-
magnetic fct phase appeared after annealing at 400 oC. The results both in-plane and 
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out-of-plane were isotropic. In addition, the hysteresis loops of in-plane and out-of-
plane for the as-deposited FePt films and the FePt films annealed below 500 oC 
showed soft magnetic and low magnetization. At high temperature (500 oC) hard 
magnetic fct phase appeared and magnetizations of in-plane and out-of-plane were 
higher than 400 oC. The coercivities both in-plane and out-of-plane were anisotropic at 
high temperature (> 500 oC).  
Figure 6.10 shows the dependence of the in-plane and out-of-plane coercivities 
on the annealing temperature for the FePt films deposited on different underlayers (Au, 
Ag and Cu). Figure 6.10(a) shows the dependence of in-plane and out-of-plane 
coercivities on the annealing temperature for the FePt films deposited on the Au 
underlayer. The trend of the coercivity was consistent with our XRD results in Fig. 6.3. 
It has been indicated the coercivity increases with the volume fraction of hard 
magnetic L10 phase related to soft-magnetic disordered fcc-phase [11].  As shown in 
Fig. 6.10, coercivity increased with increasing temperature (up to 600°C).  This is 
clearly associated with the phase transformation from fcc to fct. At 400 oC, the 
coercivity was about 3.5 kOe, which was related to the fct phase. The coercivity was 
up to 11 kOe at 600 oC. The decrease in the coercivity after annealing at higher 
temperatures (700 and 800°C) was probably due to the grain growth, as similar results 
have been reported previously [12]. 
 In this work, the FePt films on Ag and Cu underlayers have been studied. For 
the FePt films deposited on Ag underlayers, the result was quite different from FePt 
films deposited on Au underlayers. Figure 6.10(b) shows the coercivity versus 
annealing temperature of FePt films on Ag underlayers. Below 500oC the coercivities 
were very low since the fct phase has not been formed. Coercivity increased strongly 
from 2 kOe after annealing at 500oC to a maximum of 18 kOe after annealing at 800oC. 
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For FePt films on Cu underlayers, the coercivities were very low at 200 oC and 400 oC 
because the fct phase was not formed. The maximum coercivity of FePt film on Cu 
underlayer is 5 kOe after the sample was annealed at 600°C as shown in Fig. 6.10(c). 
The low coercivities are certainly associated with the large grain sizes of FePt films on 
Cu underlayers. At higher temperature (700 – 800 oC) the coercivities decreased, 
indicating grain growth. 
 The dependence of the coercivity on the annealing temperature showed a 
different trend for the FePt films on Ag underlayers. High coercivity of 15 kOe was 
obtained after annealing at 600°C.  After the film was annealed at 800°C, the 
coercivity increased to 18 kOe with a significant perpendicular anisotropy. The 
behavior could be associated with the increase of crystallographic texture (001), as 
observed in our XRD study (Fig. 6.5). Furthermore, the diffusion of Ag underlayer has 
the effect on induction of crystallographic texture [9-10]. 
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Figure 6.10: Coercivity versus annealing temperature of FePt films on different 




Figure 6.11 shows the hysteresis loops of the FePt films on Ag underlayer with 
the thickness of ∼800 nm after annealing at 800°C. Out-of-plane anisotropy was found 
in the FePt film with a coercivity of approximately 18 kOe. This was confirmed by the 
XRD result, which showed a strong (001) peak for the sample annealed at 800 oC. 
From the results, when FePt film was deposited on Ag underlayer, an out-of-plane 
anisotropy occured, which was different from FePt films deposited on Au and Cu 
underlayers. However, the formation temperature of fct phase was slightly higher.  
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Figure 6.11: In-plane and out-of-plane hysteresis loops of 800nm thick FePt films 
deposited on an Ag underlayer. 
 
     
6.4 Coercivity Mechanisms 
 6.4.1 Delta M Curve 
According to Stoner Wohlfarth [13], the deviation is zero for non-interacting 
uniaxial single domain particles. It is commonly accepted that a negative ∆M value 
indicates the dipole interactions and a positive ∆M value indicates ferromagnetic 
exchange interactions between isolated single-domain particles. Figure 6.12 shows ∆M 
plots as a function of the applied field for FePt films on different underlayers (Au, Ag 
and Cu). The FePt film on Cu underlayer shows the positive values of ∆M, indicating 
strong exchange coupling interaction between single-domain particles. Higher ∆M 
peaks indicate stronger exchange coupling interactions between the magnetically hard 
and soft phases. When Au underlayers were used to deposit FePt films the ∆M curve 
shows very large negative value at high field. This result indicates that intergranular 
exchange coupling was strongly reduced when Au underlayers were used. Thus, the 
dramatic increase in coercivity with Au underlayer was caused not only by promotion 
of disorder/order phase transformation, but also by an improved microstructure, which 
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reduced intergranular exchange coupling. Perhaps some energetic Au atoms diffused 
into the grain boundaries in the FePt thin film, or Au atoms in grain boundaries 
reduced exchange coupling. 
For FePt films on Ag underlayers, there was a negative ∆M at low field (< 
6kOe) and a positive ∆M between 6-9 kOe. This shows that some parts of FePt films 
had the intergranular exchange coupling but it is only a small part. Actually, there was 
a large negative ∆M at higher magnetic fields, indicating reduced exchange coupling 
by the Ag underlayer. This may be due to diffusion of Ag atoms into the grain 
boundaries of the FePt films; the diffusion of Ag atoms would separate the exchange 
coupling of FePt grains. Reduced exchange coupling may also have contributed to the 
coercivity increase of the FePt films with Ag underlayers. Therefore, the increase in 
coercivity with Ag underlayer was not only due to improvement of the L10 phase 
transformation by crystallization, but also possibly due to changed microstructure, 



















Figure 6.12: The variation of ∆M with the externally applied field for FePt films on Au, 
Ag, and Cu underlayers.  
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Figure 6.13 shows the dependence of the coercivities of minor loops on the 
applied field. In these thermally demagnetized samples, the coercivity Hc increased 
initially slowly with the applied field until a critical field where it started to increase 
rather drastically. The field of Ag underlayer where the shoulder appeared on the 
initial magnetization curve was larger than that of Au and Cu underlayers. In addition, 
the applied field to saturate Hc was much higher than Hcsat. These behaviors showed 
that the field dependence of Hc in these thermally demagnetized samples is consistent 
with the domain wall pinning process. The result showed that at low magnetic field all 
the samples showed some extent of pinning behavior and higher field at shoulder of 
the film on Ag underlayer showed more pinning type behavior than Au and Cu 
underlayers. It may be due to the fact that Ag stayed in the grain boundary, which 
could act as a pinning center, leading to more pinning type behavior and high 
coercivity. Therefore, Ag underlayer was a good candidate for achieving high 
coercivity FePt films deposited by electrodeposition.    

















Figure 6.13: Dependence of the coercivities of minor loops on the applied field for 
FePt films on Au, Ag, and Cu underlayers annealed at 600 oC.   
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6.4.2 Diffusion Mechanism of FePt Films  
From the above results, high coercivity of FePt films due to the diffusion of Au, 
Ag, and Cu underlayers during the annealing (diffusion of Au: D = 0.73x105 cm2/s, Ag: 
D = 1.11x105 cm2/s and Cu: D = 1.06x105 cm2/s)[14]. This is because Au, Ag, and Cu 
have low melting point and low surface energy. Therefore, Ta underlayers, that has 
high melting point and high surface free energy, was used to confirm the diffusion and 
magnetic properties of FePt films. Figure 6.14 shows XRD patterns of FePt films 
deposited on Ta underlayers. The result showed that as-deposited FePt film was 
disordered fcc phase. The fct (111) peak began to form at 400 oC. The peak was very 
broad. After the films were annealed at 500 oC, the fct (111) peak became sharper but 
the peak was shifted a bit and other peaks still did not appear. When the FePt film was 
annealed at 600 oC, the (110) and (002) peaks appeared. The fct peaks were very 
obvious. This means that the FePt film deposited on Ta underlayer needs high (600 oC) 
temperature to form the fct phases. After annealing of the films at 800 oC, the peaks of 
the fct phases disappeared. This may be due to damage of the films (some parts of 
films peeled off) at very high temperature.  
In addition, the XRD result did not show the peak of Ta. This result can 
confirm that Ta underlayer does not diffuse into the FePt films and Ta underlayer does 
not help to improve the crystallinity of FePt films. Therefore, Ta underlayer was 
different from Au, Ag and Cu underlayers because Ta has a high melting point and 
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Figure 6.14: X-ray diffraction patterns of the FePt films deposited on Ta underlayers 
after annealing at different temperatures. 
 
 
The magnetic properties of FePt films on Ta underlayers are shown in Fig. 6.15. 
From Fig. 6.15, we can see that all samples are magnetically soft with very low 
coercivity when the temperature is below 500 oC. As the annealing temperature 
increases to 600 oC, the coercivity was only 1.5 kOe. As is known, the magnetic 
hardness of FePt films is closely related with the formation of the L10 ordered phase. 
The above results indicate that the ordering process of the FePt film is promoted by 
introducing Au, Ag and Cu underlayers. Thus, the promotion of the ordering phase in 
the FePt films by the Ta underlayer does not occur by diffusion of Ta into the FePt 
film. Therefore, Ta underlayer could not promote high coercivity in the FePt films as 
did Au and Ag.  
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Figure 6.15: In-plane and out-of-plane hysteresis loops of the FePt films deposited on 




 In this chapter, FePt films with a composition of about 50:50 Fe:Pt were 
deposited on a metal underlayer which served as the cathode during electrodeposition. 
The thickness was fixed at 800 nm by controlling the deposition time (30 min).  The 
hard-magnetic fct phase could be formed after an annealing at 400°C when the FePt 
films were deposited on the Au and Cu underlayers. When the FePt films were 
deposited on Ag underlayers the formation of the fct-phase required a temperature of 
500-600°C.  This is because Au, Ag and Cu underlayers help to promote reducing the 
transformation temperature in FePt films. A high coercivity of 18 kOe and an out-of-
plane anisotropy were observed in FePt films on Ag underlayers. The magnetic 
anisotropy could be explained through the crystallographic (001) texture. Moreover, 
the diffusion of Ag and Au underlayers into the FePt films can improve the magnetic 
properties of the film. Ag and Au underlayers will be surrounding the grains at the 
film/underlayer boundary, thus improving the coercivity. The low coercivity values of 
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FePt films on Cu underlayers were probably associated with the large grain sizes. In 
addition, the diffusion of Ag, Au, and Cu underlayers was supported by comparion 
with experiments with a Ta underlayer. A Ta underlayer has a high melting point and 
high surface free energy, and thus does not diffuse into FePt film. This probably 
explains why FePt films on a Ta underlayer did not show high coercivity as compared 
to Au, Ag, and Cu underlayers, and provides additional evidence that Au, Ag, and Cu 
improve the magnetic properties of FePt films by diffusing into the film/underlayer 
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The ordered L10 phase of FePt has attracted significant attention due to its high 
magnetocrystalline anisotropy and excellent corrosion resistance [1]. FePt thin films 
are being intensively investigated as the next generation high-density magnetic 
recording media [2, 3]. High coercivity and perpendicular anisotropy of FePt thin films 
have been achieved by physical vapor deposition (PVD) [4-7]. As is well known, 
magnetic thick films with high coercivity and remanence may be promising for other 
hard magnetic applications, such as MEMS and sensor devices [8]. However, the L10 
structure requires a high formation temperature of over 500 oC. High-temperature 
treatment may damage the substrate and grain growth.  
Many researchers have reported ways to reduce the ordering temperature of the 
L10 structure of FePt. For example, multilayered Fe/Pt film [9], the use of a Ag 
underlayer [10] and the addition of a third element [11-14] were reported to be 
effective in reducing the ordering temperature by physical vapor deposition. PVD 
techniques may not be the most convenient method for the fabrication of thick layers. 
Electrodeposition is an efficient and economic synthesis method for both thin and thick 
films. 
Reduction of the chemical ordering temperature and the induction of a strong 
magnetic anisotropy (particularly perpendicular anisotropy) are the two most 
challenging requirements for the development of high-performance FePt films by 
electrodeposition. As reported previously [15], the FePt films deposited on a Ag 
underlayer showed a significant perpendicular anisotropy, as shown by the higher out-
of-plane coercivity compared to other underlayers (Au and Cu). These results have 
shown the positive effect of the usage of the Ag underlayer. Therefore, in this thesis 
project, a high coercivity of over 20 kOe with a perpendicular anisotropy was achieved 
when 2at% of Ag was doped into the as-deposited FePt films by using Ag underlayer, 
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as has been reported.  In addition, the ordering temperature was successfully reduced 
to 400°C for the post-annealing. 
 
7.1 Optimized Parameter of FePt Films 
In order to understand the effect of the Au, Ag and Cu additive, the effect of 
Au, Ag and Cu content in the FePt layer was studied. In this work, during the 
preparation of solution when AuCl3 was added into the FePt solution, immediately 
some reaction occurred between FePt solution and AuCl3. The color of solution turns 
to be dark. Therefore, It was not successfully added AuCl3 into the FePt solution. The 
results of magnetic properties of Ag and Cu additive in FePt films showed in Table 7.1 
and 7.2. For Ag doping in FePt films, if only 1 atomic percent of Ag was added in the 
FePt layer in the as deposited state, there was no significant improvement in terms of 
ordering temperature and magnetic properties. If the Ag additive increased more than 4 
atomic percents of Ag in the FePt layer in the as-deposited state, the ordering 
temperature could be reduced further. However, the magnetic properties (coercivity) 
and perpendicular anisotropy were poor. It is possible that the presence of 2 atomic 
percents of Ag in the FePt layer could accelerate the diffusion of Ag into the FePt layer. 
The diffusion might lead in the reduction of the ordering temperature and a (001) 
texture.  
For Cu doping in FePt films, the magnetic properties were very low compared 
to Ag doping in FePt films. Without Cu doping the coercivity was higher than Cu 
doping.  This means that Cu doping in FePt films does not play an important role to 
improve the magnetic properties. Therefore, in this work, Ag doping in FePt films was 
studied. 
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Table 7.1: Out-of-plane (H⊥) and in-plane (H//) coercivities of FePt-x% films after 
optimized annealing (Ag doping) 
Ag content (at%) 
[x in FePt-x% Ag] 
H⊥ (kOe) H// (kOe) Optimized annealing 
temperatures (oC) 
0 18.0 15.0 800 
2 21.0 7.0 700 
4 4.5 2.0 600 




Table 7.2: Out-of-plane (H⊥) and in-plane (H//) coercivities of FePt-x% films after 
optimized annealing (Cu doping) 
 
Ag content (at%) 
[x in FePt-x% Cu] 
H⊥ (kOe) H// (kOe) Optimized annealing 
temperatures (oC) 
0 6.5 4.0 700 
2 5.5 5.0 700 
4 1.5 1.0 600 
6 0.5 0.5 600 
 
 
The films were annealed for 20 min by varying temperatures from 200 oC to 
800 oC. Moreover, the film composition was determined by energy disperse x-ray 
spectroscopy (EDX) and X-ray diffraction (XRD) with Cu Kα radiation were used in 
the identification of the crystalline phases present. The microstructure of FePt films 
was determined by transmission electron microscopy (TEM). Magnetic properties 
were investigated with a vibrating sample magnetometer (VSM) with a maximum field 
of 20 kOe. Several samples were measured with a superconducting quantum 
interference device (SQUID) magnetometer with a maximum field of 50 kOe.  
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7.2 XRD Analysis 
In order to examine the formation of the intended hard-magnetic L10 phase, 
XRD was used in the study of the films after the films were annealed at different 
temperatures (200 oC to 800 oC). Figure 7.1 displays the XRD patterns of FePtAg films. 
From the diffraction pattern of the as-deposited film, it could be seen that the sample 
had a highly disordered structure, as only a weak and broad (111) peak of the fcc FePt 
phase was present. Crystallization occurred at 400°C. The L10-fct phase was formed 
directly after crystallization (at 400°C), as indicated by the d-spacing of (111) peak. 
After the films were annealed at 500 oC, the face center tetragonal (fct) phase began to 
form. At higher annealing temperature (700 oC), the peaks of the fct phases became 
sharper, especially the (001) and (110) superlattice peaks of the L10 phase. Annealing 
at 800 oC led to low intensities of the fct peaks, perhaps due to the grain growth. The 
formation of the (001) texture of the FePtAg films might be associated with the high 
diffusion rate of Ag into the FePt films [5, 16]. 
Using the Scherrer’s formula (equation (2.6)), it was found the XRD line width 
that addition of atomic percentage of Ag 2% could reduce the grain size significantly 
compared to those without the Ag addition as shown in Fig. 7.2. After annealing at 400 
oC, the addition of Ag showed a grain size of ~7nm compared to ~17 nm without the 






























































Figure 7.1: X-ray diffraction patterns of the FePtAg films deposited on Ag underlayers 





























 Annealing Temperature (oC)
 
 
Figure 7.2: The calculated grain size of FePt films with and without Ag addition after 
the films was annealed at different temperatures from Scherrer’s formula. 
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7.3 Magnetic Properties of FePtAg Films  
 
The magnetic properties of FePtAg films deposited on different Ag underlayers 
were measured by VSM. The in-plane and out-of-plane coercivities of FePt films with 
atomic percentage of Ag 2% after annealing for 20 min at different temperatures were 
shown in Figure 7.3(a). The coercivities in both directions increase with increasing 
annealing temperature until at 700 oC. In addition, the out-of-plane coercivity was 
higher than that of in-plane, indicating a perpendicular anisotropy. When the annealing 
temperature was 800 oC, the coercivities in both directions slightly decreased. Figure 
7.3(b) demonstrates the hysteresis loop of FePt film annealed at 700 oC. The film 
shows a perpendicular anisotropy with an out-of-plane coercivity of 21 kOe and 












Figure 7.3: (a) Coercivity vs annealing temperature of 2at% Ag doped FePt films for 
20 min and (b) in-plane and out-of-plane hysteresis loops of 2at% Ag doped FePt films 




From Fig. 7.1 and Fig. 7.3 (a), it is known that the deposited film annealed at 
400 oC can result in a phase transformation from fcc to fct. However, the coercivity 
and perpendicular anisotropy were both small. It may be due to the poor crystallinity of 















 out of Plane
(b)
























Chapter 7   
 
176 



















 Out of plane
 (a)





























the films or the uncompleted phase transformation. Hence, we performed annealing of 
the films at 400 oC for different times. The coercivity dependence on the annealing 
time was shown in Fig. 7.4 (a). The in-plane and out-of-plane coercivity both increase 
with increasing the annealing time. Similarly, the out-of-plane anisotropy increases 
faster than that of in-plane, showing a perpendicular anisotropy. The film annealed for 
16 hours showed an out-of-plane coercivity of 9.8 kOe with a strong perpendicular 
anisotropy. The increase of coercivity becomes stagnant if further increasing the 
annealing time. The in-plane and out-of-plane hysteresis loops were shown in Fig. 7.4 











Figure 7.4: (a) Coercivity vs annealing time of FePtAg films and (b) The in-plane and 
out-of-plane hysteresis loops of 2% Ag doped FePt films annealed at 400 oC for 16 
hours. 
 
7.4 Microstructure Properties of FePtAg Films  
In order to understand the microstructure and its growth mechanism (that leads 
to high coericivity and magnetic anisotropy), Figure 7.5 shows the cross-section TEM 
image of the FePtAg film. Figure 7.5 (a) shows the bright field image of FePt film in 
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the cross-section. Cr and Ag underlayer can be clearly seen with a thickness of 20 nm 
and 200 nm, respectively. Figure 7.5 (b) is the large scale image of FePt film, as shown 
by the arrow in Fig. 7.5 (a). Surprisingly, the films showed a column structure. Fig. 7.5 
(c) is the selected area electron diffraction (SAED) pattern of film after annealing at 
400 oC for 16 hours. The diffraction ring from fct-(001) of FePt cannot be observed, in 
consistent with XRD spectra shown in Fig. 7.1. However, the diffraction ring of fct-
(001) can be clearly seen for the film after annealing at 700 oC (Fig. 7.5(d)), agreeing 
well with XRD analysis. Figure 7.5 (e) shows the in-plane high resolution TEM image 
of Ag-FePt film annealed at 400 oC. The grain size of the FePt was 5-7 nm, in 
agreement with that obtained by XRD using Scherer equation (~6 nm). It was much 
smaller than that without doping of Ag (~17 nm), suggesting that Ag doping can lead 
to the small grain size of FePt. The dark grains show a fct-FePt (111) by d spacing 
analysis. In some areas of the grain boundaries, some Ag (111) lattice can be observed, 
supporting that some Ag phases may accommodate in the grain boundaries of FePt 
[17]. The Ag (111) phase in the grain boundary can reduce the exchange coupling 
between FePt particles, thus increases the coercivity. We used EDX, which is attached 
on the TEM system; to analyze the composition of 2% Ag doped FePt film at different 
places. In the area of Label I as shown in Fig. 7.5 (a), the concentration of Ag is very 
high, more than 40 %. And Ag concentration in label II is only around 5 %, higher 
than doping concentration of 2 %, suggesting that some Ag in the underlayer may have 
diffused into FePt film after annealing. From TEM results, this means that during 
annealing Ag doped the FePt films may induce a driving force for the diffusion of Ag 
underlayer to the FePt film and to the film surface. The continuous diffusion of Ag 
underlayer leads to the formation of column structure.  
 






Figure 7.5: (a) Cross-section TEM micrograph; (b) The large scale of (a), as shown by 
the arrow; (c) The diffraction pattern of the film annealed at 400 oC; (d) The 
diffraction pattern of the film annealed at 700 oC; (e) High resolution TEM image of 





In summary, the additive Ag has an effect on magnetic properties of FePt films. The 
deposited fcc-FePt can be ordered when annealed at 400 oC. The annealing of the film 
leads to a column structure, strong perpendicular anisotropy and high perpendicular 
coercivity. The diffusion of Ag from the dopant and electrode (underlayer), which 
forms a channel for the Ag atoms to diffuse onto the surface of the film, is attributed to 
the formation of the column structure, perpendicular anisotropy and low 
transformation temperature. This work has provided with a new way for fabricating 
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This work focused on the structures and the magnetic properties of metallic (Ni, 
Co, Fe, and Cu) nanowires, alloy (NiCo, NiCu, CoCu, and FePt) nanowires, and 
continuous films. The growth mechanism of single-crystal and poly-crystal nanowires 
and the coercivity mechanism of nanowires and continuous films were studied. The 
details of study are summarized in three parts.  
 
Part I: AAO template and alumina nanowires 
In this thesis, the anodic aluminum oxide (AAO) template was prepared by two 
step anodization. After optimizing the parameters, the best result for AAO template 
with hexagonal ordered pores was obtained with 30 g/l oxalic acid and with an 
anodization voltage of 40 V at room temperature. The pore diameter and interpore 
distance were about 50 nm and 110 nm, respectively. The thickness of AAO template 
was approximately 60 µm.  
The formation of alumina nanowires by etching AAO template using chromic 
acid (CrO3) was investigated systematically. It is found that the stress inside AAO 
template strongly affected the nanowire formation. A proper aging time is 
indispensable for obtaining uniform and thin alumina nanowires. Additional studies 
showed that acid concentration and etching time also affected the formation, quality, 
and shape of the wires.  
 
Part II: Structure and magnetic properties of metal and alloy nanowires.  
Metallic (Ni, Co, Fe, and Cu) nanowires were produced based on the AAO 
template by the electrodeposition process. Single-crystal Ni, Co, Fe, and Cu nanowires 
were obtained by template-synthesis under the optimized conditions. From 
investigations of the growth mechanism, it was concluded that the overpotential and 
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the deposition time affect the crystallinity and structure of the metal nanowires. TEM 
and SAED confirmed the single-crystal or polycrystalline. The single-crystalline Ni, 
Co, and Fe nanowires showed good magnetic properties in term of coercivity and 
squareness. High quality single-crystal Ni and Co nanowires showed coercivity 1.03 
kOe and 1.3 kOe, respectively. The remanence of single-crystal Ni and Co nanowires 
was 99.7% and 79.7%. For single crystal Fe nanowires, the coercivity was 1.6 kOe 
with remanence of 93.5%. 
Studies of the mechanism showed that the ∆m curve of Ni nanowires (single- 
and poly- crystalline) exhibited a positive peak, which indicates strong exchange 
interactions. The angular dependence of Ni nanowires (single- and poly- crystalline) 
showed the nucleation mode. This may be due to shape anisotropy. 
Alloy (NiCo, NiCu, CoCu, and FePt) nanowires were successfully fabricated 
by electrodeposition via AAO template. Two unique structures were found in NiCo 
nanowires. They are the bamboo-like and the layer-like structures. The bamboo-like 
and the layer-like structures were found at atomic percentage of Co 15% and 25%, 
respectively. The structures (bamboo-like and the layer-like structures) of NiCo 
nanowires were confirmed by TEM. The magnetic properties of NiCo nanowires with 
polycrystalline structure were poor. The bamboo-like structure showed coercivity of up 
to 1.1 kOe with remanence 90% of saturated Ms, while other structures showed weak 
magnetic properties.  
TEM results confirmed that NiCu and CoCu nanowires showed only 
polycrystalline structure at various current densities and atomic percentages. The 
magnetic properties of NiCu and CoCu nanowires were improved by increasing the 
atomic percentages of Ni and Co, respectively. The highest coercivity of NiCu 
nanowires was 0.822 kOe with remanence 95.3% of saturated Ms, when the atomic 
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percentage of Ni was 50% while the highest coercivity and the squareness of CoCu 
nanowires were 1.235 kOe and 0.754, respectively when atomic percentage of Co was 
50%.  
The FePt nanowires also were grown into AAO template. However, the 
magnetic properties of FePt nanowires were poor. The coercivity was only 2 kOe with 
high squareness (0.858) after annealing at 600 oC. This is because the L10 phase did 
not form at high temperature (600 oC). Therefore, to improve the magnetic properties 
of FePt, continuous films were studied. 
 
Part III: (i) Structure and magnetic properties of FePt films deposited on 
different (Au, Ag and Cu) underlayers.  
In this work, FePt films with a composition around Fe50Pt50 were formed by 
electrodeposition onto the Si (100) substrates with an underlayer of Au, Ag or Cu, and 
then followed by post annealing. The hard-magnetic fct phase could be formed after an 
annealing at 400°C when the FePt films were deposited on Au and Cu underlayers. 
When the FePt films were deposited on Ag underlayers, the formation of the fct-phase 
required an annealing temperature of 500-600°C. 
It was found that the FePt films deposited on Au and Ag underlayers showed very 
good magnetic properties. The highest coercivity was found when the FePt films were 
deposited on Ag underlayers. The coercivity increased up to 18 kOe with a significant 
perpendicular anisotropy when the film was annealed at 800°C. The mechanism of 
highest coercivity may be due to diffusion of Ag atoms into the grain boundaries of the 
FePt films; the diffusion of Ag atoms would separate the exchange coupling of FePt 
grains that help to enhance the coercivity. Low coercivity was observed in FePt films 
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with Cu as the underlayer. The low coercivity may be ascribed to abnormal growth of 
the grain size of FePt films.  
(ii) The Structure and magnetic properties of FePt films when Ag is added 
into the films. 
The addition of Ag affects the magnetic properties of FePt films. In XRD, the 
L10-fct phase was formed after the film was annealed at 400°C. The high coercivity 
was up to 21 kOe and a relatively large perpendicular magnetic anisotropy was 
achieved after the FePtAg film was annealed at 700 oC. This result was related to the 
(001) texture and the diffusion of Ag into the FePtAg films.  
The annealing of the film leads to a column structure, strong perpendicular 
anisotropy and high perpendicular coercivity. The diffusion of Ag from the dopant and 
electrode (underlayer), which forms a channel for the Ag atoms to diffuse onto the 
surface of the film, is attributed to the formation of the column structure, perpendicular 
anisotropy and low transformation temperature. 
 
8.2 Future studies 
 Further research work on nanostructures may proceed with two parts, i.e. 
nanowires and continuous films. 
 
Part I: Magnetic Nanowires, 
1. In the present study, high quality AAO template was prepared from 
aluminum substrate. However, this is not useful for industrial applications. Therefore, 
it would be interesting to fabricate high quality alumina on Si substrate by CVD or 
sputtering techniques because most of the devices now used are fabricated using Si 
substrate. Then, the structure and magnetic properties of metallic or alloy nanowires 
into alumina on Si substrate could be studied. 
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2. In the present study, the quality of single crystal Fe nanowires was not very 
good. More investigations need to be carried out to optimize the deposition parameters, 
such as the control of current, type of current, the solution of electrolytes and the 
deposition environment, etc. Since single-crystal Fe nanowries has higher coercivity 
and remanence compared to that of Ni or Co wires due to its high magnetization, Fe 
nanowires are promising for practical applications.  
3. In the present study, high quality alloy nanowires using AAO template, such 
as CoCu and NiCu nanowires, were achieved. The work can be certainly extended to 
the deposition of other magnetic alloy nanowires, such as FeCo, since bulk FeCo has 
shown the highest saturation induction of 2.4 T among all soft magnetic materials. 
Also, FePt nanowires show high coercivity. Both of these properties are of particular 
interest in the magnetic recording industry and giant magnetoresistance (GMR).  
 
Part II: Magnetic Continuous Films 
1. In the present study, using electrodeposition method, it was found that high 
coercivity FePt films were achieved by the deposition of FePt film on a Ag underlayer; 
much higher than on other substrates such as Cu, Au, etc. In addition, by doping Ag 
into the FePt electrolytes, perpendicular anisotropy was obtained. However, the 
mechanism of the effect of Ag is not so clear. Advanced characterization methods such 
as HRTEM, X-ray absorption, XPS etc may be utilized for further investigations. 
Additional investigations will help us understand the basic mechanism by which 
doping after the magnetic properties. This will provide the possibility to tune the 
magnetic properties of FePt. Further work may include the optimization of deposition 
parameters (e.g. doping element and concentrations) to obtain highly textured FePt 
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film with perpendicular anisotropy, which is very promising for the high density 
perpendicular recording media.  
2. In the present study, though high quality FePt films were achieved, the 
annealing temperature for transforming fcc-FePt to fct-FePt is high. Hence, further 
work needs to be done for reducing the transformation temperature. Different element 
doping or different underlayers, or cover layers may be used for these investigations. 
The mechanism of the doping effect may be studied, thus achieving high quality FePt 
films with low transformation temperature.  In addition, future work may also include 
the optimization of deposition parameters to improve FePt film smoothness, 
uniformity of grain size, etc.  
 
